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INTRODUCTION 
1. LENS 
The vertebrate eye lens is a clear, avascular, biconvex structure, 
suspended by zonular fibers between the aqueous chamber at its anterior side 
and the vitreous body at its posterior side (Fig. 1A). Normally the eye lens 
is colorless, but in some species, including man, the adult lens is yellowish. 
Its primary function is to bend the incident light and to focus it on 
the retina, thereby producing a sharp image. Accomodation, i.e. the capacity 
to adjust the optical system for near and distant vision, is brought about 
by different processes in various vertebrate classes. Accomodation by change 
of shape of the lens only occurs in birds and reptiles, and by a different 
mechanism also in a few mammals. Among the latter mainly the primates, 
especially man, have developed effectively the accomodative mechanism to 
extend their range of vision (1). 
The lens is entirely of epithelial origin and arises in the embryonic 
stage from the surface ectoderm. It is surrounded by an elastic capsule, 
which allows the passage of oxygen, small metabolites and all nutrients 
between the aqueous humor and the lens. The zonular fibers are attached to 
the capsule at the equator (Fig. 1A). A monolayer of lenticular epithelial 
cells lies immediately underneath the capsule at the anterior surface of 
the lens. Near the periphery of the epithelial layer there is a zone of 
dividing cells which move to the equator, elongating and differentiating 
into fiber cells (Fig. IB). At this stage most of the proteins which make up 
the lens, are synthesized. During and shortly after elongation the cell 
organelles are lost. As a consequence the fiber cells in the interior of the 
lens are entirely devoid of nuclei, mitochondria and most of the polysomes. 
The lens grows throughout life and never shed cells, in this way building 
up layer after layer of fiber cells around a central core, the nucleus. 
The protein concentration increases towards the nucleus. This gradual change 
in protein concentration in the lens plays an important role in creating 
the proper refractive properties. It is a short-range, liquid-like or 
glass-like order of the lens proteins that accounts for eye lens transparency 
(2). There is virtually no turnover of protein in the lens. The proteins 
and cells in the center of the lens are therefore as old as the animal itself. 
No other proteins persist as long -¿η υ-ύ/Ο. Most changes observed in protein 
11 
¥-¿g. 1: (A) Cross-section of an embryonical eye of the rat, showing the lens 
and its surroundings; E = eyelid, С = cornea, Ac = aqueous 
chamber, Zf = zonular fibers, I = iris, V = vitrous body, 
Co = cortex and N = nucleus (in development). 
(B) Cross-section of the bovine lens showing the region of cellular 
elongation at the equator (Eq); El = epithelial layer, Ca = capsule. 
structure or conformation are due to aging. This makes the lens an ideal 
tissue for the study of various fundamental biological processes, like aging, 
gene regulation, protein synthesis, protein processing and interaction (1, 3, 
4). 
2. LEMS PROTEINS 
The lens is mainly composed of protein, corresponding to almost all dry 
material, and water. The protein concentration in lenses varies: 20% of the 
wet weight in some birds, 30-40% in mammals and up to 50% in some fish. This 
is directly related to the refractive index and softness, cq. compactness, of 
the lens (1). The capsular proteins of which collagen is the predominant one, 
differ markedly from the proteins of the body of the lens (4). 
As early as 1894 the bovine eye lens proteins have been classified into 
the water-soluble α-, β- and γ-crystallins (the latter originally being 
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incorrectly called albumin) and a water-insoluble fraction, designated 
albuminoid (5). In principle this classification is still valid, but 
operationally the lens proteins are divided into three fractions: 
1. over 90% is water-soluble and comprises the structural lens proteins, 
the crystalline, and a minor amount of other water-soluble proteins; 
2. some 5% is urea-soluble and consists of the cytoskeletal proteins and 
water-insoluble crystallins; 
3. approximately 2% is SDS-soluble and is composed of the membrane proteins (6). 
In the following sections some properties of the crystallins will be 
described, with emphasis on B-crystallin, which is the major topic of this 
thesis. Only a brief survey of the other protein components of the lens will 
be given here. Most data pertain to calf, because this is the best studied 
species. For more detailed information the reader is referred to several 
recent reviews (3, 4, 6). 
2.1. a-CiyitalLLn 
a-Crystallin forms the most acidic lens protein fraction (pi ^ 5), and 
consists of a population of aggregates with an average Mr of 800,000. 
The molecules are spherical assemblies which are basically composed of 
four different subunits: the primary gene products aA2 (pi 5.8) and αΒ2 
(pi 7.4), and their deamidation products aAl (pi 5.4) and aBl (pi 7.0), 
respectively (6). Elucidation of the primary structure of bovine oA2 (173 
residues) and aB2 (175 residues) revealed a sequence homology of 57% (7). 
Both chains have an acetylated N-terminal methionine and a Mr of 20,000. 
Synthesis of aB2-crystallin is directed by a 10 S mRNA, which corresponds 
rather well with the length of the polypeptide, while aA2 is encoded by a 
14 S mRNA (8).Although it has been suggested, that the aA2-mFNA might be 
bicistronic, this has turned out not to be the case. The length of the 
aA2-mPNA is caused by a very long 3' noncoding region in the aA-gene (9). 
Quite surprisingly, lenses of rodents contain in addition an enlarged 
Ins 
oA2-subunit, the oA -chain, which is characterized by an insert of 23 amino 
acids between residue 63 and 64 (10).
 T h e coding region for this insertion is 
situated in a very long intron of the aA-gene (11). The splicing mechanism 
during processing of the primary transcript of the single aA-gene is 
apparently distorted in some respect, resulting in some 10% of the cases 
in an aA -mRNA and aA -chain. 
The conversion of aA2 to aAl and of aB2 to aBl is believed to be a 
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two-step deamidation process, although the actual residues, which are 
involved in this post-translational modification, are not known(12). The 
ratio of the aA- and aB-chains is not constant during development and is 
species-specific (13). In bovine lens fibers this ratio αΑ:αΒ is 3:1. In 
addition to these four subunits there occur degraded chains, which are 
shortened at the C-terminus, in the a-crystallin aggregates (14). Based upon 
chemical modification reactions and surface probing by limited proteolysis 
a three-layer model for the architecture of a-crystallin has been proposed, 
which requires a core of aA-chains, before aB-chains are added (15). Upon 
aging the a-crystallin aggregates polymerize into very high-molecular weight 
aggregates (НМ-α). In this super-aggregation process neutral polypeptides 
(Mr 40-43,000) appear to be involved (16). 
2.2. y-CiyitaUAn 
Calf γ-crystallin is the lens protein fraction with the highest pi 
(7.1-8.1)." It comprises about 20% of the water-soluble protein, is monomeric 
and has a Mr of 20,000 (3). Bjork separated γ-crystallin in four homogenous 
fractions and succeeded in crystallizing one of them, γ-ΙΙ (17). The amino 
acid sequence of γ-ΙΙ has been reported by Croft (18). Glycine has been found 
to be the unblocked N-terminal residue, and it contains a relatively high 
cysteine content. The tertiary structure of γ-ΙΙ has now been determined at 
2.6 A resolution (19). It shows the highest internal symmetry of any protein 
studied by X-ray diffraction. The monomeric γ-ΙΙ is built up of two globular 
domains, which show considerable sequence similarity corresponding to the 
two-fold repeat in the tertiary structure. The domains are connected by a 
single stretch of polypeptide chain. Each of the domains is again folded 
into two similar "Greek key" motifs. Each "Greek key" motif is built up of 
four antiparallel strands, which have ß-pleated sheet conformation. The 
molecule contains an asymmetrical arrangement of charged residues and of 
sulphydryl groups. The charged groups, which form an extensive exoskeleton, 
and small hydrophobic regions may play a role in stabilization of the molecule, 
in organization of the lens water and in intermolecular interactions. 
Although the number of primary gene products in calf γ-crystallin is still 
uncertain, the different isolated fractions all seem to exhibit great 
homology (85%) (20). cDNA-analysis of two mRNA's of rat γ-crystallin revealed 
a homology of 73% between the predicted γ-sequences (21). Nucleotide sequence 
analysis of a frog γ-cDNA showed that this frog γ-crystallin chain has 
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approximately 60% sequence homology with the bovine γ-ΙΙ chain (22). 
Analysis of one rat γ-crystallin gene demonstrated a long intron between 
the two domains and a small intron very close to the N-terminus (residues 
2-3) (23). 
γ-Crystallin is the predominant protein synthesized during fetal 
development of the lens and is consequently found in the highest concentrat­
ion in the nucleus (24). γ-Crystallin is responsible for the phenomenon of 
cold cataract, because it tends to precipitate reversibly in solution below 
4 C. Upon cooling the lens becomes opaque and clear again upon raising the 
temperature. 
2 . 3 . &¿-CfLyi£aZL¿n 
Upon gel filtration of calf lens extract a monomeric polypeptide of 
Mr 28,000 and pi 7.0 elutes just before γ-crystallin (25). It was considered 
a 6-crystallin and designated as 6 by van Dam, because it is N-terminally 
blocked and its amino acid composition, although distinct, resembles more 
that of β- than of γ-crystallin. The N-terminal residue has been identified 
as N-acetyltryptophan, which has never been found earlier in any protein (26) . 
In addition to β - and the γ-crystallins of calf lens, other low molecular 
weight crystallins may be present in adult cattle lens cortex (27, 28, 29). 
2.4. S-OiyitaZUn 
The lenses of birds, which seem to lack γ-οΓγΞία11ίη, and reptiles 
contain another unique lens protein, called δ-crystallin. Considerable 
differences in relative proportions and pi (5-7) of δ-crystallin have been 
found in different species (1). In chicken native 6-crystallin has an Mr 
of 200,000 and consists of four subunits, which are very similar, though 
not identical, in primary structure and differ slightly in Mr (48,000 and 
50,000) (30). By cDNA analysis Piatigorsky et al. showed that there exist 
at least two non-allelic but very similar 6-crystallin genes, and that these 
genes contained 14 or even more introns (31). In contrast to other crystallins, 
which contain no or hardly any α-helix structure, δ-crystallin is mainly in 
the o-helical conformation (up to 73%) (32). Its synthesis is almost 
completely restricted to the embryonic phase of lens development and, 
therefore, 6 is present mainly in the nucleus of the adult bird lens. 
δ-Crystallin evolves slightly faster than the other, generally very con­
servative crystallins (33). 
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2.5. OtheA елуіісіШ. ь 
Recently, in the turtle lens a new crystallin has been observed with 
a monomeric Mr of 46,000 and pi of 6.2 (34). An apparently homologous lens 
protein has independently been isolated from sea lamprey and identified in 
several fish, reptile and bird species (35). Scattered among birds and 
reptiles yet another major lens protein, indicated as e-crystallin, has 
been found and characterized: Mr 38,000 and pi 7.2 (36). Remarkably 
ε-crystallin forms trimers of Mr 120,000, and it contains also relatively 
much α-helical structure, although less than 5-crystallin. ε-Crystallin is 
partially sequenced, and not related to any other crystallin (36). In bovine 
lenses a very acidic protein, FM- or pre-a-crystallin, is present in small 
amounts with a low Mr (14,000) (37). 
2.6. Mon-cAyitattin-i 
Besides the bulk of water-soluble crystallins the eye lens contains a 
great variety of other water-soluble proteins in minor amounts, mainly 
numerous enzymes, of which leucine amino peptidase (LAP) and transglutaminase 
are mentioned here. LAP belongs to the class of aminopeptidases, which exist 
in numerous, if not all, tissues and catalyze the cleavage of unblocked NHj-
terminal amino acid residues from peptides and proteins, being most reactive 
towards hydrophobic and aliphatic residues and not reactive towards acidic 
residues (6). 
Native lenticular LAP has an Mr of 326,000 and is composed of six 
identical iubunits of Mr 54,000, each of which contains two Zn atoms. Thus, 
LAP is a Zn metallo enzyme, which is very stable and has a pH optimum of 
9-10. Structural and enzymatic properties of the bovine lenticular LAP have 
been studied by chemical modification reactions, limited proteolysis and 
X-ray diffraction studies (38). The primary structure of bovine LAP (478 
residues) has been elucidated (39, 40). The enzyme transglutaminase will be 
dealt with later in this introduction. 
2.7. UKucL-oolubte. Іг и pKotzlm, [USL] 
Upon gel filtration USL protein can be separated into four fractions 
(41): Fraction I contains two large, hitherto unidentified components (Mr 
of 200,000 and 100,000). Fraction II comprises mainly two acidic cytoskeletal 
proteins: the intermediate-sized filament subunit vimentin (Mr 55,000) and 
the microfilament protein actin (Mr 43,000). The primary structure of hamster 
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lens vimentin has been predicted from the nucleotide sequence and is related 
to desmm (42) . The organization of the single vimentin gene has also been 
elucidated (43, 44). Actin has first been demonstrated in calf lenses by 
Kibbelaar (45). Lens fiber cells, like other nonmuscle cells, contain F 
(filamentous) actm in a water-insoluble form and a pool of G (globular) actm 
m solution. In fraction III the "water-insoluble" crystallins are found, 
among which a-crystallin subunits are predominant. Fraction IV comprises two 
small unidentified polypeptides of Mr 13,000 and 10,000. 
2.S. иига-^тоЫЫи [SVS-iotabla) Um piotexm, (UIL) 
The ma^or plasma membrane protein of bovine lens fiber cells is a 
26,000 protein (MP26). It can proteolytically be degraded to MP22 by loss 
of its C-terminal end, which is exposed to the cytoplasm (46). A further 
proteolytic degradation to MP20 has also been observed, and a tight 
association of MP26 to a-crystallin A2, ßBla and cytoskeletal proteins has 
been suggested (47). It is considered to be an intrinsic membrane protein, 
the major component of large junctional structures (46). The second major calf 
membrane protein appears as a doublet on SDS-gels: MP34 and MP35 (48). It is 
found in membrane lens fibers and,unlike MP26, in epithelial cells. 
It may be identical to one of the EDTA-extractable proteins (EEP) from 
calf lens membranes. Lens fiber EEP has been resolved m eight subunits, 
ranging in Mr between 30,000 and 38,000, and shows also considerable charge 
heterogeneity (49). These proteins are considered to be extrinsic membrane 
2+ 
proteins, presumably linked by Ca ions. One of them has been identified 
as the enzyme glyceraldehyde 3-phosphate dehydrogenase (50). 
3. B-CWSTAUIW 
ß-Crystallin comprises the most heterogeneous population of lens 
proteins and mostly constitutes the largest proportion of the crystallins. 
Initially ß-crystallin was believed to be a single protein (51). However, 
it gradually became evident that it was much more complex. Native 6-crystallin 
is characterized by intermediate pi's (5.7-7.0) (52), a high thiol content 
and blocked N-termini (53). The aggregates contain considerable ß-sheet 
structure, but little or no α-helix structure. Bovine ß-crystallm has been 
separated into two fractions, which were designated as β (Mr 200,000) and 
17 
g (Mr 50,000) and found to be heterogeneous in electrophoretic and 
Low 
immunological behavior (54, 55). Examination of the subunit compositions of 
β and β by basic urea gel electrophoresis showed at least nine bands in 
H L 
β and eight m β (56). A similar result was obtained by isoelectric 
H L 
focusing in urea, while upon SDS-gel electrophoresis five bands (Mr: 31,000-
21,000) m β and four bands (Mr: 26,000-20,000) in β were seen. The 
Η i-i 
ß-crystallin subunits could be isolated by cellulose ion-exchange 
chromatography in the presence of 6 M urea (54). Peptide mapping of the 
different fractions revealed that a number of them were very closely related, 
supposedly differing only in one or more deamidation steps. Amino acid 
analyses of the subunits were all very similar, except for some small 
differences, being high in glutamic acid and glycine. Herbnnk proposed on 
basis of these results a nomenclature for the ß-subunits (56). The two 
ß-aggregates have a number of chains in common, among them the predominant 
ß-crystallm subunit βΒρ (В = basic, ρ = principal) . In addition to the 
subunits of β , the β -fraction contains an acidic, probably heterogeneous 
L Η 
polypeptide βΑ (A = acidic) (Mr 20,000) and two highly basic chains, ßBla 
(Mr 32,000) and ßBlb (Mr 31,000) (56). 
The diversity in subunit composition of ß-crystallin is also found in 
the lenses of other species, and leads often to confusing situations in the 
literature. Zigler and Sidbury compared ß-crystallins from all classes of 
vertebrates (57, 58), which was extended for some mammalian species by 
Ramaekers et al. (59). They found for each species that ß„ and β
τ
 are 
composed in large parts of identical subunits (Mr 30,000-24,000), including 
the major ßBp-chain. Some minor additional bonds, higher in Mr, were usually 
present in β . The amino acid compositions of all β - and β
τ
-fractions in 
π H L 
the different species were generally similar to those found in bovine. 
Native mammalian ß-crystallins exhibit considerable differences comparing 
their isoelectric focusing patterns (60) . 
Ostrer et al. found after translation of mRNA from embryonic chicken 
lens fiber cells seven different ß-chains (61) , which have related primary 
structures (62). The diversity of chicken ß-crystallin was confirmed at 
the level of mRNA's, because six cDNA's could be constructed, which do not 
cross-hybridize and which account apparently for the six major ß-crystallin 
polypeptides (63). One of these ß-chains might be involved in lens cell 
elongation and fiber cell differentiation (61). 
After cell-free translation under the direction of rat lens polyribosomes 
five different primary gene products can be distinguished by 2D-gel 
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electrophoresis, and criteria are given for their nomenclature (64). The 
cDNA's of several ß-crystallin mRNA's of the rat have been cloned (65). 
Recently, the nucleotide sequence analysis of the cDNA of rat ßBl has been 
finished (66). In the rat a group of labile , ß-crystallin-like lens proteins 
has been characterized, which are involved in cataract (67). The mRNA's 
for cataractous lens proteins seem to be present on normal lens poly-
ribosomes, coding for two additional б subunits, which might be unprocessed 
L 
precursor polypeptides of the normal В -chains (68). Upon aging a decrease 
L 
of rat ß„ is found, with an increase of β
τ
 (64). Quite the opposite is 
observed in bovine lenses where β increases with age at the expense of β 
(69). Both calf and rat β tends to separate into two fractions, β . and 
β _, depending upon the ionic strength and pH of the eluens (70). There is 
good evidence that β _ and β . are dimers and trimers, respectively, while 
Lz LI 
β has an oligomeric structure varying from 5 to even 12 subunits (71). 
Η 
Several studies suggest that bovine β actually originates from β 
π L 
during maturation of the lens fiber cells. It has been shown that the state 
of aggregation of β is influenced by: a) ionic strength: increasing salt 
η 
concentration deminishes the amount of β„ (70); b) protein concentration: 
Η 
elevating protein concentration increases the level of β -aggregates (71, 72); 
π 
с) temperature and medium density: increasing these parameters deminishes 
the amount of β (72, 73). Li suggests that the presence of β is the result 
of equilibria between ß-crystallins and other lenticular components, and 
he questions whether β occurs as such -СИ i-Ltu. in the lens (72) . The mRNA's 
Η 
that encode the ß-crystallin chains are found in the 10S region on sucrose 
density gradients, apart from the mRNA for ßBla, which has a sedimentation 
value of 12.5 S (74). Vermerken et al. concluded that ßBlb arises from ßBla 
by posttranslational modification, because there was no mRNA for ßBlb 
detectable, and the amount of ßBlb increases going from very young to old 
cow lenses and from the outer part of the cortex to the lens nucleus (74). 
The transition of ßBla into ßBlb might be due to a proteolytic step (47). 
Additional age-related changes in the polypeptide composition of bovine 
ß-crystallin have been demonstrated (75). The bovine lens crystalline are 
non-enzymatically glycosylated, the extent of which increases with age (76). 
This exemplifies a new form of post-translational modification of long-lived 
proteins -en V-Lvo. In all translation experiments the β -aggregates 
π 
incorporated hardly any newly synthesized chains, in contrast to the other 
crystalline (74, 77). Presumably this reflects the necessity of maturation 
or age-related change of some component for the formation of ßfj· It was 
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suggested that ßBlb is a good candidate for such a role (74). 
The primary structure of ßBp, the predominant bovine ß-crystallin, has 
been elucidated (78). Most excitingly, this g-chain of 204 residues shows 
29% homology with bovine γ-ΙΙ, indicating that the genes coding for β- and 
γ-crystallin diverged from the same ancestral gene. The N- and C-terminal 
domains of βΒρ show considerable sequence similarity (38%) , ¡just like in 
γ-ΙΙ where this intra-chain homology is slightly less (28%). This reflects 
a complete internal duplication in both genes, which is a relatively rare 
event in molecular evolution. This duplication must have taken place before 
the divergence of the ancestral β- and γ-genes (78). Considering that the 
tertiary structure of proteins is much more rigidly conserved during 
evolution than the primary structure, the sequence homology between βΒρ and 
γ-ΙΙ enabled the prediction of the 3D-structure of βΒρ by computer graphics 
techniques (79). Indeed, the primary structure of βΒρ fits perfectly m 
the same tertiary fold as determined for γ-ΙΙ. The main difference between 
the two crystallm structures is that βΒρ has extensions at both N- and C-
terminus, which could be expected from the length difference and the align­
ment of βΒρ and γ-ΙΙ. βΒρ forms oligomers with itself and other ß-subunits, 
in contrast to monomeric γ-crystallin, and two possible dimeric structures 
(β.) for βΒρ have been predicted: a compact dimer model and a more extended 
ι« 
model (see Fig. 2) (79). 
Recently, the primary structure of a ß-crystallin polypeptide in murine 
lens (ß23) was predicted from the nucleotide sequence, first by cDNA 
sequencing (80) and later by gene analysis (81). Mouse ß23 showed a homology 
of 43% with calf βΒρ, and of 22% with calf γ-ΙΙ (76). The 3D-structure of 
murine β23 has also been predicted and, naturally, it shows the two domain 
fold, but with an N-terminal extension which resembles membrane anchor 
sequences of other proteins (81). The gene coding for mouse B23 contains 
three introns and, most excitingly, each of the four exons seems to code for 
a separate structural motif of the protein, which suggests that there is a 
relationship between the exons and structural motifs (81). 
4. LENS TRAWSGLUTAMINASE 
Enzymes that catalyze the acyl-transfer reaction in which γ-carboxamide 
groups of peptide- or protein-bound glutamine residues serve as acyl donors 
are termed transglutaminases (R-glutaminyl-peptide: amine γ-glutamyl-
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Fig. 2: The compact dimer model (A) and the more extended dimer model (B) 
of ßBp. One molecule is in continuous, the other in dotted lines 
(more detailed information in Chapter III). 
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vltransferase EC 2.3.2.13)· I n contrast to their limited donor substrate 
specificity, the transglutaminases possess an exceptionally broad specificity 
for acceptor substrates: primary amino groups, of which of prime biological 
importance is the ε-amino group of peptide- or protein-bound lysine residues 
(82). Although the ε-(γ-glutamyl)-lysine cross-link is the only known 
physiological reaction -tn VÌVO, catalyzed by transglutaminases, the available 
data do not exclude other biological roles. Transglutaminases can catalyze 
several other reactions λη \ΜΧΊΟ , like hydrolysis of the carboxamide group 
of Gin-residues, and aminolysis and hydrolysis of certain aliphatic amides 
and esters (83). In VÁÁAO the enzyme-catalyzed cross-linking of proteins 
through diamines and polyamines has also been observed; a reaction through 
which the enzymes are readily assayed (84). 
2+ 
Transglutaminases require Ca ions for the expression of their catalytic 
activity. Metal-ion induced conformational changes in the enzyme proteins 
are essential for catalysis. The kinetics of the reactions catalyzed by 
transglutaminases all seem to follow a modified double displacement mechanism. 
The enzymes contain an essential sulfhydryl group, through which a thioester 
acy-intermediate is formed by an exchange reaction at the γ-carboxamide group 
of a peptide-bound substrate Gin-residue. Conformational alterations that 
occur during enzyme acylation or that follow release of the first product 
(ammonia) result in formation of the amine attachment site. The amine enters 
the reaction only after formation of the covalent acyl-enzyme intermediate 
and release of ammonia, leading to an ε-(γ-glutamyl) cross-linked product 
(83). Examination of the action of the enzymes towards simple model substrates, 
differing in aliphatic chain length, whether or not branched (85, 86) and in 
stereospecific (L, D) forms (87, 88) provided much information about the 
substrate specificity and binding sites. The enzymes achieve their almost 
absolute specificity for the L-isomer of peptide-bound glutamine, which is 
reflected in the amide binding site: a portion of the enzyme active site 
is organized into a tubular, or almost tubular, structure encompassing the 
two substrate methylene groups adjacent to the carboxamide (Fig. 3). At the 
amine site, the enzymes exhibit a preference for the L-form of peptide-bound 
lysine. This binding site consists of a narrow cleft, which becomes 
gradually wider going from the active center, and probably results from a 
conformational change evolved by the formation of the acyl-enzyme intermediate 
(80). Studies on the influence of amino acid sequences around a Gin- or Lys-
residue on substrate effectiveness revealed that in case of L-glutamine: 
a) certain amino acids are more influential than others, but there are no 
22 
F-cg. 3: A model for the amide substrate binding at the active center of 
transglutaminases, showing the arrangement therein of (a) amide 
substrate and (b) product. The binding of the amide substrate induces 
conformational changes. The radical R denotes a methyl group or a 
larger group in substrates and in product. 
strict rules for the primary sequence surrounding the substrate glutamine 
(89, 90); b) other regions of the primary sequence are also influential and 
are probably held in the correct juxtaposition by some aspects of the 
tertiary structure of the substrate protein (90). In case of L-lysine the 
presence of an L-leucine residue (and probably other hydrophobic L-amino acids) 
at the amino-side of, and directly adjacent to the substrate lysine causes 
a pronounced increase in specificity, which can be explained by the assumption 
of a specific binding site on the enzym intermediate for a hydrophobic side 
chain (86, 88) . 
Transglutaminases are widely distributed in animal cells and body 
gluids. They vary in molecular form. Only two of them are well characterized. 
Guinea pig liver transglutaminase is a single monomeric structure (Mr 80,000), 
which contains 16-18 SH groups, no disulfide groups and no carbohydrate. The 
sequence around the catalytically essential cysteine residue is Tyr-Gly-Gln-
2+ Cys-Trp. Despite conformational alterations induced by Ca , the metal-enzyme 
complex performs its catalytic function in monomeric form (91). Human plasma 
factor XHIa is a tetrameric enzyme (Mr 300,000), which is composed of two 
identical catalytic a' chains and two identical noncatalytic b chains. It is 
formed by thrombin-promoted hydrolysis of a single polypeptide from the 
amino-terminal end of each a chain of the tetrameric zymogen, factor XIII 
2+ (a.bj) . Addition of sufficient Ca results in dissociation of the tetrameric 
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NH, 
a 'b. into a catalytically activer dimer (a,1, Mr 150,000) and an inactive 
dimer (Ъ?). Each of the a' subunits has 6 SH groups, no disulfide bonds and a 
small amount of covalently bound carbohydrate. The sequence around the 
essential cysteine residue is identical to that found in guinea pig liver 
transglutaminase Gly-Gln-Cys-Trp. Factor XHIa functions also as a metal-
enzyme complex (92). 
Intermolecular ε-(γ-glutamyl)-lysine cross-linking is the basic reaction 
underlying a number of important physiological processes. 
a. Factor XHIa catalyses the polymerization of fibrin monomers in the clotting 
process during hemostasis. In the fibrin γ-chains Gln-398 is the only 
amide substrate and Lys-406 the amine substrate (93). Cross-linking also 
occurs between lysine residues of fibrin α-chains and the Gln-2 residue 
of cu-plasmine (94), and between fibrin and fibronectin (cold-insoluble 
globulin) during clotting of normal blood plasma (95) . Irt V-òttO cross-
linking by factor XHIa has been demonstrated between fibronectin and 
collagen, of which proteins the synthesis is also induced by thrombin 
(82). Cross-linking between actin and fibrin and polymerization of myosin 
has been observed in vittio (82) . 
b. The production of the vaginal plug by postejaculatory clotting of rodent 
seminal plasma occurs by the action of prostate transglutaminase (96). 
Like the cross-linking of fibrin this process takes place extracellularly 
in body fluids. 
c. Epidermal transglutaminase contributes to the formation of the insoluble 
cornified envelope of the stratum corneum during terminal differentiation 
of keratinocytes, where ε-(y-glutamyl)-lysine isopeptides were identified 
in the proteolytic digest of the α-fibrous proteins of human epidermis 
(97). Addition of hydrocortisone increases transglutaminase activity of 
chickembryonic skin in culture (98). This induction requires RNA-synthesis, 
and is followed by an accumulation of soluble epidermal structural proteins, 
which may be precursors for insoluble proteins during keratinization of 
the epidermis. It is suggested that this conversion is catalyzed by 
epidermal transglutaminase (98). 
d. Irreversible aggregation of protein components of the erythrocyte membranes 
from human red cells, like spectrin, occurs by the action of tissue trans-
2+ 
glutaminase, when the cells are treated with Ca during hemolysis. The 
cross-linking seem to stabilize an altered membrane state (99) and 
causes irreversible loss of membrane deformability, resulting in a less 
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efficient transport of oxygen. It may also be involved in the actual 
2+ functioning of the erythrocyte at lower Ca concentrations (104). 
e. Recently, the presence of a brain transglutaminase has been demonstrated, 
which covalently cross-links human neurofilament proteins into insoluble 
polymers. This transglutaminase action has been related to a possible 
mechanism of human neuronal aging and to certain neurological disorders 
(100). 
f. Intracellular transglutaminase could also be involved in regulating the 
proliferative state of cells by operating at the membrane level. Trans-
glutaminase-catalyzed cross-linking of cell membrane proteins possibly 
induces membrane stability, which in turn micht be responsible for the non-
proliferating state of the cell. This concept is supported by the finding 
that proliferating cells contain only small amounts of active trans-
glutaminase as compared to non-mitotic cells. Transformed cells also 
exhibit remarkably low transglutaminase activities (105, 106). 
g. The receptor-mediated endocytosis of a2-macroglobulin can be inhibited by 
a diverse group of chemical compounds, all of which share the property of 
being inhibitors of cellular transglutaminase. It is suggested that protein 
cross-linking may be essential for receptor-mediated endocytosis of some 
proteins and polypeptide hormones (107). The single site of putrescine-
incorporation in human a2-macroglobuline by factor XHIa has been determin-
ed (108). 
Although it is present in great amounts, no physiological function is 
known for the liver transglutaminase (82) . In several proteins very selective 
amine incorporation has been demonstrated by the action of transglutaminase: 
at the Gln-167 in the test substrate ß-casein (89); 
- in 3 proteins out of approximately 300 chains observed in lymphocytes (100); 
- at one or both Gin-residues in the intracellular hydrophilic region of 
the HLA-A and HLA-B antigens (102). 
Lens transglutaminase has been characterized by Lorand et al. (103). 
The enzyme was found to resemble liver transglutaminase. With respect to the 
distribution, the cortex gave the highest specific activity. In rabbit cortex 
homogenates two heavier subunits of ß-crystallin could be selectively labeled. 
Glycerol dramatically increased the lens transglutaminase activity towards 
endogenous substrates, but had no influence on exogenous substrates. The 
impact of this regulatory influence of glycerol is not understood. Human 
cataractous lenses were shown to contain significant amounts of Y-glutamyl-€-
lysine isopeptides, produced by lens transglutaminase. Therefore, it was 
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speculated that lens transglutaminase plays a role in cataract formation. 
2+ 
Moreover, there is an increase in Ca -concentration in senile cataract and 
2+ 
a concomitant, significant decline in the Zn -concentration, which is known 
2+ 
to be an antagonist of Ca and inhibitor of transglutaminases (103). However, 
it is striking that the highest transglutaminase activity is found in the 
lens cortex and not in the nucleus, as might be expected. It seems, moreover, 
odd that the lens, which is an organ that has to function during the whole 
lifetime without any possibility to compensate for protein loss or damage, 
should contain an enzyme of which the major role would be to impair that 
organs functioning by contributing to lens opacification. It is obvious that 
the real function of lens transglutaminase has to be clearified. One might 
speculate that lens transglutaminase plays an important role in stabilizing 
the lens membranes after elongation of the epithelial cells and differentiat-
ion into lens fiber cells. 
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A BRIEF OUTLINE OF THIS THESIS 
Until several years ago the most heterogenous class of water-soluble 
lens proteins, g-crystallin, was less thoroughly investigated than the two 
other major classes, a- and γ-crystallin. Therefore, the main goal of this 
study was to investigate the structural and functional properties of bovine 
ß-crystallm, extending the previous work in our laboratory by Herbnnk and 
others (55, 56, 78). 
First of all it was necessary to identify the primary gene products of 
bovine ß-crystallin and to characterize the composition of the three 
ß-aggregates (Chapter II). Dissociation-reassociation experiments with 
ß-aggregates shed light on the association behavior of the ß-chains (Chapter 
II). The aggregation behavior of the predominant ß-subunit, ßBp, was 
investigated in more detail (Chapter III). While the primary structure of 
ßBp was elucidated by Dnessen et al. (78), major parts of the sequences of 
the other six important ß-chains are presented here (Chapters IV and V). 
This extends our insight into the structural relationships of the ß-crystallins, 
their evolution and their possible way of interaction. Several post-
translational modifications could be elucidated (Chapter IV and appendix 
Chapter V). In the course of our work it turned out that β-crystallins are 
the endogenous substrates of lens transglutaminase (103), which might be 
involved in the development of senile cataract. This enabled us to characterize 
the precise acyl-donor site m the three bovine ß-crystallins, which 
specifically function as donor substrates (Chapters VI and VII). These 
results provide information not only about the properties of trans-
glutaminases but also about the accessability of substrate glutamine in 
ß-crystallin aggregates, i.e. the conformation of ß-aggregates. A first 
attempt is made to identify the action of lens transglutaminase on the 
water-insolutle lens protein fraction and to determine which of the lens 
proteins can be connected by isopeptide linkages (Chapter VII). Our structural 
work on the ß-crystallms links up nicely with studies about the gene 
structure of the ß-crystallins (66, 80, 81) and the determinations of 
the 3D-structure of the crystalline and the way they are arranged m the 
lens fiber cells (19, 79, 81). 
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CHAPTER I I 
PRIMARI GENE PRODUCTS OF BOVINE B-CRVSTALLJN 
AW REASSÖCIATIÖW BEfMl/IOR OF ITS AGGREGATES 
Gay A.M. ВелЬги, Otto С. Воелжп, Напл BtomendaZ and (Uti^Altd W. de Jong 
Еил. J . Rtoc/iem. (I9«2), Î2S, 495-502 
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Primary Gene Products of Bovine /f-Crystallin 
and Reassociation Behavior of Its Aggregates 
Ou) A M BERBFRS Olio С ΒΟΓΚΜΛΝ Hans BLOEMENDAL and Wilfried W Dt JONG 
Laboratorium voor Biochemie Univerbiteil van Nijmegen 
(Received May 1» Auüusl 9 1982) 
ß-Crystallm from calf lens cortex was fractionated in three different aggregates of increasing size βι ι ßu and 
/)H of which the subunit composition »as revealed by 2 dimensional gel electrophoresis While /iu mainly consists 
of β Bp (the major polypeptide chain in all three aggregates) /)u is characterized b> the addition of a neutral and two 
acidic chains and flH contains moreover two basic chains Translation of calf lens polyribosomes in a rcticulotyle tell-
free system allowed the idenlifitation of six /î-crystalltn subumts as primary gene products The distribution of these 
newly synthesized polypeptides over the three aggregates was established after gel filtration in the presence of carrier 
lens proteins The aggregation behavior of the β crystalhn chains was studied by dissociation reassociation 
experiments The three separate aggregates could be reversibly dissociated Reassociation of basic neutral and acidic 
polypeptides isolated by ion-exchange chromatographv of β crystallin produced a ft, like aggregate The neutral 
and acidic polypeptides reassociated into a ßL, like aggregate while the neutral polypeptides gave dimers like ft 2 A 
ftr-like aggregate could also be obtained by reaggregation of β
ί2 with the acidic and basic chains of ft. On the basis of 
these results a preliminary model lor the formation ol β crystallin aggregates is discussed 
Approximately 40 "„ of the water-soluble protein in the 
bovine lens consists of /(-crystallin of which some of the 
composing polypeptide chains are primary gene products 
whereas others arise by posttranslational modifications [1] 
These chains occur in aggregates which can be resolved bv gel 
filtration imo two size classes ft,,,,, and ft
ow
 [2 1) Under 
certain conditions a further resolution is obtained in the ft 
fraction corresponding to aggregates designated as ft, and/íL¡ 
[4] or ßl and ßl [5] There is good evidence that ßl_2 and /iL, are 
dimers and trimcrs respectively while ft, has an oligomenc 
structure probablv consisting of up to 7 or 8 subumts [5| Most 
types of subumts are common to both ft and ft, but each 
fraction also appeared to contain certain polypeptides charac 
tenstic ofthat fraction [1) 
Several studies suggest that ft, originates from ft during 
maturation of the lens cells [6,7] In fact, most ot the newly 
synthesized /i-crvstallin chains appear in ft whereas in ßu onlv 
two of the ft,-specific subumts are found to be newly synthe-
sized [8] It has been shown that the state of aggregation of ft, is 
influenced by protein concentration temperature medium 
density and ionic strength [4 5 9 10) The factors which 
regulate the transitions between the different states of aggre 
gallon of /(-crystallin, in vitro and even more so m v/vo, are 
poorly understood Better knowledge of these factors may 
contribute to our understanding of protein aggregation and 
interaction behavior in general The elucidation of the primary 
structure of the major /ï-crystallin subunit /ÍBP [11] and the 
prediction of its three-dimensional structure |12| facilitates the 
study of the aggregation properties of these chains 
Recently a number of interesting findings concerning β-
crystallin have been reported The cDNAs of several /( 
crystallin mRNAs of the rat have been cloned [11] The bovine 
lens crystalhns are non-enzvmatically glycosvlated the extent 
Fit i*m\ Muioioam nuclease (EC ^ Ml Π nbonuclcase A (EC 
1 t 27 5) creatine kina* (ГС 2 7 4 2) 
ofwhichincreaseswithage[l4] HnalK theen/vmetransgluta­
minase which is found in the lens cortex icacts with some of 
the heavier subumts ol /(-crystallin thus giving rise to protein 
cross-linking which may contribute to the development of 
cataract [15) The present paper reports experiments which 
identify the primary gene products of bovine /( crystallin and 
their distribution over the aggregates and provides infor­
mation about the recombination behavior of the isolated /Í-
crystallin chains 
MAThRIALS AND METHODS 
Isolation ol β Ci ι Mallín Aççri ςαη \ ami β Subumts 
Fresh calf lenses were decapsulated and the outer parts of 
the cortex stirred lor half an hour in 20mM Tris HCl buffer 
(pH 7 Ч) containing 80mM NaCl and I mM ethylencdiaminc 
Λ N -tetraacetic acid The supernatant obtained after centnl-
ugation at I5000x ? for 20 mm was stored at - 20 С 
Gel filtration was performed at room temperatuie in a 125 
x2 0-cm column of Ultrogel AcA 14 Sephacryl S 200 or 
Sephadex G-200 using as eluents Tris HCl buffers in the pH 
range 6 8 - 7 5 50mM phosphate buffers (pH 6 5 - 7 2 ) 
ІООтМ ammonium formate (pH7 2) or 1 "„ ammonium 
bicarbonate (pH 8 I) at a flow rate of 0 16 ml mm Fractions of 
2 5 ml were collected Pooled fractions were desalted lyophi-
lized and used for gel electrophoresis and rcassociation 
experiments 
Ion-exchange chromatography of /(„-crvstallm was per-
formedal4 С essentiall\asdesciibedearlier[l6) Theprotem 
(100-200 mg) was applied on a 20 χ 1 5-cm column of Db AE-
cellulosc (Whatman DE-52) equilibrated in 5 mM Tris HCl 
buffer (pH 7 7), containing 6 M urea and 0 02 ",, 1,4-dithio-
threitol Stepwise elulion was performed with 200ml 5mM 
Tris HCl 100 ml 15 mM Tris HCl and finally 200 ml 200 mM 
Tris HCl buffer at a flow rate of 0 12 ml mm Fractions of 5 ml 
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were collected and after pooling used for геаььосіаиоп experi­
ments or desalted and l)ophili/ed lor gel electrophorebii 
Swithew of lin\ Proitm in vitro 
Calf lens polynbosomcb we're isolated as described bv 
Bloemendal et al [17] Rabbit reticulocv tes were obtained as 
described b\ Lvans and Lingrcl [ 18] and Ivscd bv the addition of 
one volume of water The supernatant obtained after centnf-
ugation at 16000 χ ; for IS mm was frozen in liquid nitrogen 
and stored at - 7 0 С The lysate with the best endogenous 
activity »as thawed and made mRNA dependent with 25pg 
(200l'imi Wurmmim nuclease (P L Biochcmicals Ine 
Milwaukee) in the presence of 1 mM CaCI¡ 15 mM hemine and 
()4μg ml creatine Phosphokinase (Boehringer) for lOmm at 
19 С as described bv Pclham and Jackson [19] Themcubation 
was stopped by adding [cth\lenebis(oxoethvlenenitrilo)]letra-
acetic acid (Ε ΟΙ Л) to a linai concentration of 2 S mM The 
lysate was distributed in small portions rapidly froren in 
liquid nitrogen and stored at 70 С The reaction mixture 
for translation contained per ml 0 6 ml reticulocyte cell-
tree extract ІцтоІ ATP 0 2μιηο1 GTP 50 Mg tRNA 
(Sigma), 4цтоІ dithiothreitol ΙΟμιηοΙ creatine phosphate 
100Mg creatine Phosphokinase 0 2цто | spermidine (Sigma), 
100 μΐ ["S]methionine (Radiochemical Centre Amersham 
bngland specific activitv 1300 Ci mmol) as the onl\ labeled 
amino acid and 50 μΙ lens polyribosomes to a concentra­
tion of 500 μg ml The incubations were performed lor 1 5 h 
at 30 С and stopped by adding nbonuclcase A (Sigma) lo 
a final concentration ot 2 mg ml and incubating a further 
20 mm dt V С [19] Gel filtration ol the translation product 
was performed as described above 
Gel EU i irophorests 
Analysis of the polypeptides was performed b\ sodium 
dodecvl sulphate gel electrophoresis [20] using slab gels which 
contained I 3 0 0 polyacrvlamide 0 15°o methylencbisaciyl-
amide and 01 " 0 sodium dodccyl sulphate, or by two-
dimensional gel electrophoresis according to О Parrei [21] 
Staining and destaming were performed as described by Weber 
and Osborn [22] For detection of the labeled proteins the 
procedure of Bonner and L askev [21] was used in combination 
with the drying procedure described by Berns and Bloemendal 
(24] 
Reaswimtion of ß-Crwlallm Chuim 
Reassociation of /}-crysiallins was performed essentially as 
described by Bloemendal el al [25] The /l-cr\stallin chains 
were dissociated by dissolving them in 6 M urea containing 
0 04 o o dithiothreitol at a concentration which did not exceed 
1 mg ml The mixture was kept at 4 С for 10 mm and 
subsequently dialy/ed against 4x101 deioni/ed water The 
solution was lyophilized and the resulting aggregates analyzed 
by gel filtration and gel electrophoresis 
RESULTS 
Gei Filtration of Cri stallini 
The crystallins can most conveniently be separated by gel 
liltration which gives four size classes » ßH ßL and ,-
crvstallin To obtain an optimal resolution of the /J-crvstallm 
aggregates we compared gel filtration on Scphadex G 200 
ДОЯОгмпс« «t 260 n m 
Fig 1 Cut tiltralton of houiu Un\ /mmitis on Í ІіннцІ Ί< •) 14 (A)Totjl 
u iter iolubk prolans from call knstorttx (HKhe/fcrvsullin itlcrceatcs 
alter dissociation in 6 M uiea and rtdssou шоп (О redvsoci lied /f 
mstallin subumts (D)loiir ƒ( ervslallm frattions M-paraud b> V>Y \\ 
cellulose DC S2 юп exehamic chromauwaphv aller re issosi mon in Iht 
followim> mixtures ( ) / íü i +-neutral and leidie tr iclion ( ) 
neulml and aeidie Ir iclton ( ) neulnltr letion ( ι/ίΒ, + μ, 
+- aeidie fraction Dodecvl sulphate eel eleelrophoalle pallerns ol the 
separated aggregates are shown m I ic 4 
Sephacrvl S-200 and Ultrogel AcA'4 using four eluents 
lOOmVl ammonium formate (pH"'2) 5()mM phosphate 
(pH6S) 1 ammonium bicarbonate (pH8 I) and 100mM 
Tris HCl buffer (pH 7 1) As reported earlier the /¿L aggregate 
can sometimes be further resolved in /?Ll and ft^ which are 
tnmersanddimersrespectively [4 5] ThcpHof theeluent used 
is ciuciai lor the appearance of/iL1 While I ammonium 
bicarbonate does not resolve Д , at all ammonium formate 
gives a satisfactory separation These two eluents have the 
advantage ol being volatile but have hule bulfcnng capacity 
The phosphate and Tris buffer resolve /fL, and /iL2 m a strict pH 
area being around pH6 8 for phosphate and pH7 1 for 
Ins HCl buffer The separation of the ¡I crvstallin fractions 
was better on Lllrogel AcA 14 than on Scphadex C> 200 or 
Sephacryl S-200 although the latter gave a superior separation 
of the monomeric /<$ and , civstallins We obtained the best 
results with Ultrogel AcA 14 in the Tris HCl buffer which 
consequently was used m all further experiments (Fig 1 A) 
Suhunii Composition o/ ß-Cr\siallim 
The total subunit composition of the water soluble bovine 
lens proteins was analyzed by two-dimensional gel elec-
trophoresis (lig 2Λ) The ot and ,-crystallin chains can be 
clearly distinguished having lower molecular weights (around 
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2Ü00Ü) than ρ crysullins лпіі -cr>slallins being more basic 
than the α cryslallin chains ι С r>slallin consisls of »Aj and 
«82 which arc pnmarv gene products and their deamidation 
products лА, and iB, respective!) |26] All other subumtsuith 
molecular weights ranging from 22000 10 ^2000 can be 
identified as/Í cry stallin chains whereas the minor components 
with higher molecular weights originate trom the cytoskclcton 
[27] In order to facilitate the discussion oí our results we 
introduce a provisional nomenclature lor those major /( 
crvstallin subunits which do not \et have an unambiguousK 
established previous designation This provisional nomencla-
ture is based on the electrophorctic behavior ol the subunits on 
two dimensional gels (I ig 2) The minoi components present 
in β cryslalhn have not been named thev are apparcnlK not 
primary gene products (see below ) and arc present to diflercnt 
extents in different prepaiations The isoelectnc points and 
apparent molcculai weights ol the nine major β crvstalhn 
chains aie given in Table 1 
To investigate which chains occur in the different ag 
gregales of /< crvstallin two dimensional gels of these three 
aggregates were picpared I he electrophorctic patterns reveal 
that βιι is mainly composed ol /Π$
ρ
 and chains A and С 
(Hg 2D) In /(, 1 the two major acidic chains О and С aie 
included as well as the neutral chain В ( hg 2C) and /fH contains 
in addition the two basic subunits /fB
u
 and /ÍB lb (big 2B) 
The /fs chain which is the only monomeric β crvstallin ρθ | is 
obviously not present in the three aggregates This chain is nol 
further considered in this sludv 
Puman Gnu Ptotluth in β Ci istallili 
In order to establish which ol the chains in the β crvstallin 
aggregates arc primary gene products we performed trans 
lation experiments with calf lens polyribosomes in a re 
ticulocyte cell free system When the total translation mixture 
was immediately analyzed by two dimensional gel electro­
phoresis six /( crystalhn subunits could be identified as primary 
gene products /»B,, /?BP subunitsA В D a n d E ( b g 2 U 
The major subunits /¡B l b and chain С as well as all minor 
components arc not synthesized iti nma in the reticulocyte 
system The pattern of radioactive labeling did not change 
noticeably when the translation mixture after slopping the 
reaction was allowed to stand overnight at 37 С This 
indicates that no rapid posttranslational modifications take 
place and that indeed six different pnmarv β crvstallin gene 
products are svnthesized in this system 
We investigated the incorporation of primary gene prod 
ucts in the different β crystalhn aggregates by adding un 
labeled carrier cryslallms alter the incubation and performing 
gel filtration 1 luorouraphs of the dodecyl sulphate elee 
trophoresis gels of the fractions eluted from Ihe gel filtration 
column arc shown in big Я and the two dimensional gels of the 
three separate aggregates in Hg 2b CJ and Η In order to 
obtain an optimal resolution in the pH range 5 — 7 we actually 
lose the /fB
u
 subunit in I ig 2h which is however clcarlv 
visible in big 1 (lanese fand g) It turns out that the labeled 
chains arc associated m a verv specific way with the diffcient 
aggregates Newly synthesized β Bp and A are mainly present in 
/Viand to a much lesser extent in/iL1 Ncwlv svnlhesi/ed/iBi„ 
occurs cxclusivelv in /iH w hcreas the acidic chains D and b are 
present as newly synthesized components in /fH as well as in β, ι 
С ham В occurs newK synlhesi/ed in all three aggregates 
Remarkably a small amount of labeled β B l a apparently clutes 
as a monomer (Fig Я lanem) Although there is some tailing of 
/iL » in lane η oí Fig Я ms clear from this figure that there are no 
labeled newly synthesized chains from ßu present as 
monomers 
Similar results were obtained when the carrier lens proteins 
were alreadv present during the translation This again m 
dicates that the newlv svnthesized β chains do not stick at 
random to available crvstallin aggregates but are specificallv 
incorporated 111 the three difftrem size classes ol β crvstallin 
When the gel filtration of the incubation mixture was per­
formed in the absence of carrier lens proteins all newly synthe­
sized β crystalhn chains eluted in the dimcnc β,
 2 region This is 
in agreement with previous findings [Я1] and is probably due to 
the veiv low protein concentration under these conditions It 
has been demonstrated that higher β crvstallin aggregates can 
only exist at elevated piotem concentrations [10] 
Raiwoiunion of β См tralliin 
After dissociation of the three β crv stallin aeeregates m 6 M 
urea and controlled reassociation we obtained aggregates of 
essentiallv Ihe same size as the starting material as judged bv 
gel filtration (Fig IB) This shows that it is possible to 
dissociate the β cryslalhn aggregates revcrsiblv and our con 
ditions for rcassouatmn are suitable to restore the quaternarv 
structure ol the aggregates This implies also that the con 
ditions to obtain the quaternary structure of the three β 
crvstallin aggregates arc contained in the primar, structuies of 
the composing chains There is no need to invoke the partici 
pation of small molecules or ions (c g Ca·'*) nor is it a matter 
ot equilibrium between the dillcrenl aggregates 
To investigate lurther the prerequisites ol the aggregate 
formation we reassociated β subunits isolated bv ion exchange 
chromatography The basic subunits /JB|. and /ÍB,,, lorm 
aggregates of very high molecular weight or become insoluble 
whercas0Bpformsdimers(Fig 1С) with a sedimentation value 
of Я 46S which is in verv good agreement with the expected 
molecular weight of a/(Bpdimcr" 46400 [II 32] The acidic 
components, subunit D excluded also combine to dimers 
(Fig 1С) 
Subsequently we separated the /¡H polv peptides mio three 
fractions bv ion exchange chromatogiaphv in 6 M urea the 
basic /ÎB, subunits a neutral fraction and an acidic fraction 
(Fig 4, lanes 6 - 8 ) The acidic fraction did not include 
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Fig 2 Two-dimensional gel еіесггоріюгет patterns of bovine lens proteins after staining (A — Dj and (luarograpliy ib—H/ J5S-labeled newly syn­
thesized lens proteins were obtained by translation of calf lens polyribosomes in a rabbit reticulocyte cell-free system After addition of unlabeled 
lens proteins the mixture was fractionated by gel filtration (cf. Fig 1 A) The separated /i-crystallin fractions were analyzed after 2-dimensional gel 
electrophoresis by staining with Coomassie brilliant blue (left) and fluorography (right). (A) Total water-soluble proteins from calf lens cortex: 
(E) unfractionated translation products of calf lens polyribosomes. (B) and (F) Дн-crystallin. (C) and (G) ^Li-crystallm. (D)and(H) /îu-crystallm. 
Marker proteins were: ct-crystallm A (20000). concanavalm A (30000). ovalbumin (45000). t3H]melhyl-carbonic anhydrase (30000). and [3H1-
methylovalbumin (46000) Ampholines in the pH ranges 3 .5 - 10. 6 — 8 and 7 - 9 were mixed in a ratio of 2:4:2. in the case of the patterns shown 
in (A - D). The gels shown in (E - H) contained ampholines of pH range 3.5— 10 and 6 - 8 in a proportion of 1 4 The faint basic components m 
(С) and (D) are due to the endogenous proteins of the reticulocyte system Newly synthesized ßB\, did not run into the gel shown m (F) but is 
clearly visible in Fig 3. lanes e—g 
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subunit D. because this chain eluted unexpectedly with other /i 
chains in the neutral fraction. Reassociation of these three 
fractions produced an aggregate with the same elution volume 
on gel filtration as ßH (Fig. 1 D. Vt: 190mi), thus proving that 
the procedures involved in the isolation of the /Ï chains did not 
interfere with the association of ßH aggregates. This recon-
stituted ßH aggregate contained mainly the same subunits on 
dodecyl sulphate gel (Fig. 4, lane 10) as the original ßH (Fig. 4. 
(BpA 
В 
lane 2). although some alterations can be seen, like the tran­
sition of β В,, to /Î В 1 ь . In fact comparable alterations normally 
take place during storage or standing of β
Η
 preparations. In 
addition to the ßH-\ike aggregate there was always some 
material found toelute as a dimer (Fig. 1 D. Vt: 235 m l ; Fig. 4. 
lane 11 ). probably because the stoichiometry of the subunits in 
the three recombined fractions is different from that in native 
/iH-crystallin. thus leaving some subunits. which can not 
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ί
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 ;-crvstallm 18 6 « 10"counts min./i,and .-crvstallm 22 ' 
« IO*1 counts min. The gel filtration was performed at 4 С 
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Fig. 4, От-ііитпмочаі thftet vi miphaie geleleclrophamîs of ß-crwrullin fractions. Lane·» 1,5,9, 16. 17 and 21 contain marker prolans a-msiallin A 
(20000). concanavalin A (30000). ovalbumin (4S(HX)) and leucine aminopeplidase (540(K)) Lanes2. 3 and 4conldin native /iH. /^  , and ƒ([ j-crjstalhn 
reaped ivel> Lanes. 6. 7andXcomain [hethree/f-cr>siallinfraciions./i В,. the neutral and acidic fraction·,. геьресІі еК. as isola ted b> Db AÍ -cellulose DL-
52 ion-exchange chromatography Lanes 10 and II contain the aggregates obtained from reassoaated /Í B, + neutral and acidic fraction (see Fig ID. K,; 
190 ml and l't 2.15 ml respectively). Lanes 12. Π and 14 contain the aggregates obtained trom reassociated neutral and acidic fraction (see Fig, ID. I',: 
190 ml. r
e
:220mland Г
е
 : 240 ml respectively) Lane 15 contains the aggregates obtained from the reassociated neutral fraction (see Fig ID. Г, 240 ml) 
Lane 18 shows the pattern of reassociated /fH (see Fig 1 B) Lanes 19 and 20 show the pattern of the aggregates obtained from reassociated ¡i B, + /iLj 
+ acidic fraction (sec Fig ID. Г
е
: 190ml and l
c
: 240ml respectively) 
participate in the reaggregated β
Η
 fraction, Recombining only 
the neutral and acidic fractions, leaving out the /ÍBj fraction. 
gave a predominant aggregate similar in apparent molecular 
weight to Д
ы
 (Fig. ID. V
e
: 220 ml). and which also on dodecyl 
sulphate gel electrophoresis gives nearly the same pattern 
(Fig. 4, lane 13) as ^ i (Fig, 4. ІапсЗ). The shoulder of dimers 
(V
c
: 240 ml) is accounted for by an excess of the acidic fraction 
in the mixture (Fig, 4. lane 14) and the small amoum of (iH 
aggregate ( ^ : 190 ml: Fig. 4. lane 12) by a slight contamination 
of basic/i Bi subunits in the neutral fraction (Fig. 4. lane 7). The 
neutral fraction alone reassociated mainly as dimer (Fig. 1 D. 
Vt : 240 ml : Fig. 4, lane 15). which was on dodecyl sulphate gel 
very similar to the starting material (Fig. 4. lane 7). When we 
mixed the neutral fraction with the basic /ІВ! chains no 
reproducable results were obtained. 
In order to investigate whether /iL2 subunits could function 
as a basis for the formation of higher /Ϊ-aggregates, we 
combined dissociated /ÍL2, instead of the neutral fraction, with 
the βΒ
ι
 and acidic fractions from /iH. In this way some 
reassociated (іц-\іке aggregate was obtained (Fig. ID, K
e
: 
190ml). which contained, according to its dodecyl sulphate gel 
pattern (Fig. 4. lane !9). the same subunits as dissociated and 
reassociated β
Η
 (Fig, 4. lane 18), The excess of β
ι
^2 subunits 
eluted in its original position (Fig. ID. l'
e
: 240 ml). and showed 
the expected dodecyl sulphate gel pattern (Fig. 4. lane 20). 
Although β12 ^
061
»
 n o t
 contain subunit D. which is present in 
the neutral fraction, it can nevertheless replace that neutral 
fraction in the formation of oligomenc /iH aggregates in vitro. 
DISCUSSION 
The aim of the present study was to establish the primary 
gene products among the bovine /i-crystallin chains and their 
occurrence in the different /i-aggregates. We wanted, moreover. 
4 0 
lo dndlv7e some of the conditions for the formation of higher 
aggregates from the /iL2 dimers 
The application of the two-dimensional gel electrophoresis 
technique allowed an unambiguous identification of all poly­
peptide chains present in the /i-crysiallm aggregates Calf lens 
polyribosomes added to a rabbit reticulocyte cell free system 
directed the synthcsisofsix/j crystallinsubunits(Fig 2F) Two 
major /( crystallin chains /( B l t, and С arc apparently not 
synthesized at all under the direction of calf lens polynbo 
somes whereas chain t is synthesized in relatively small 
amount It is well established that ßBlb arises by a post 
translational process from the primary gene product β B ) a 
[8 Щ This transition can be brought about m \iln> bv limited 
proteolysis (unpublished results) Chain С might also be a post-
translational product or otherwise represent the primary 
product of a /i crystallin gene that has already ceased to be 
transcribed in the calf lens cortex The lack of labeling is not due 
to the absence of methionine in its ammo acid sequence 
chain С is cleaved by treatment with cyanogen bromide The 
low level of incorporation in chain I relative to its abundance 
in the carrier ƒ( crystallin aggregates probably reflects the fact 
that the mRNA encoding this chain is only present in small 
amounts in the calf cortex or alternatively that this mRN 'K is 
incfficicntlv translated 
While Fig 2 В С and D show the poly peptide compositions 
of/(H /fL1and/(L2 the fluorographs shown in Fig 2 F G and H 
reveal which of these chains occur newly svnthcsized in the 
different aggregates The results suggest a model of successive 
steps in the assemblv of the fi crystallins The fil 2 fraction is 
built up of newly synthesized /ÎBp chain A and chain В 
Chain В is only present in minor amount in the carrier /(L2 and 
instead chain С turns out to be a major component At present 
we cannot explain with confidence this difference between the 
labeled and unlabeled patterns The subunits of /^ г probably 
form dimers in all possible combinations considering the 
complex pattern obtained after isoelectric focusing of native 
ft.2 crystallin (not shown) In ft , the fi Ъ
р
 chain is by far the 
most pronounced component but very little of it is newly 
synthesized (Fig 2C G) The /fLi trimer thus seems to be 
formed from pre-existing /)U2 dimers {fi Bp A and C) to which 
newly synthesized chains В and D are added Also chain E 
appears in the earner /JLI (Hg 20) and the number and 
intensities of probable posttranslational modification products 
increase The fiH aggregates are characterized by the presence of 
the basic polypeptides /ÎB,, and //B,,, ofwhichonly theformer 
is a primary gene product (Fig 1) Also chain D and to a lesser 
extent chains В and E are still incorporated as newly synthe­
sized products in the /iH aggregates which further contain fi Вр 
and other chains which must originate from /)L, and fiL1 
Dimeric ft 2 thus seems to be the basic building block of the 
/3 crystallins Bv addition of the acidic chains D and E the 
tnmenc fiLl arises Finally the /?H oligomers containing up to 
8 chains [S] originate from /)L, and /(LJ by combination with the 
basic /IB, chains and additional acidic chainsD and Г 
The reported reassociation experiments with β crystallin 
chains and fractions were designed to reveal the conditions for 
formation of the Д-crystallin aggregates The results indeed 
provide supporting evidence for the correctness of the proposed 
basic scheme The finding that isolated fiH and /iL1 can be 
dissociated and reassociated to the same aggregates rather 
than falling apart into smaller oligomers suggests that 
chains D and fc need the /iL2 chains to form fiL, and fi Β, needs 
all ^Li chains to reassociate to /ΪΗ This is corroborated by 
omitting the /JB, chains or the acidic chains D and E in the 
reassociation of separated /(„ fractions Rcassociatton of the 
neutral traction of fiH mainly consisting ofßB,, and chains A В 
and С gave only dimeric material Rcassociating the neutral 
fraction together with the acidic chains D and fc gave /iL1 and 
lurther addition ol /ÍB, enabled the reappearance of fin like 
material Most convincing is also the observation that fiH like 
aggregates can be formed m \ttro from dissociated fiL2 chains 
together with the acidic and basic chains of /(„ 
However several phenomena complicate this rather simple 
model of consecutive steps in the formation of the fi crystallins 
For instance the stoichiometry of the composing chains in /iLI 
and fiH is rather variable and docs not give a constant ratio of 
acidic and neutral chains in fii% nor a constant proportion of 
basic chains in /!H Also the quaternary structures of /¡L 1 and fiH 
must be quite flexible and labile as is obvious from the fact that 
fiLl can only be detected as a separate entitv in a narrow range 
of pH and ionic strength while fiH is very sensitive to the 
conditions ol temperature protein concentration and medium 
density [4 5 9 10) 
It should be realized that it is impossible to imitate m utro 
the actual transition processes from dimeric /fL2 to oligomcnc 
fiH as they take place in the lens fiber cell because this is an 
extremely slow process occurring at the very high crystallin 
concentrations present in the lens This is also illustrated by the 
finding that even after 24 h incubation of the translation 
products of lens polyribosomes in Xinopus oocytes no for 
mation of /iH had occurred [14] 
It has been questioned whether fiH occurs as such under 
conditions in the lens ш r/m or can onl\ exist as a result of the 
employed isolation procedures [9 10] If it were true that /!„ 
does not occur in the lens but is formed from a pool of fi-
crystallm chains when the lens extract is made one would 
expect proportional amounts of incorporated radioactivity in 
fiH and fii from eye lenses incubated in the presence of labeled 
amino acids Actually almost no incorporation is found in fiH in 
such an experiment while fiL is labeled to a considerable extent 
[6] This indicates that also in silu fiH is formed from already 
existing fiL aggregates 
It is clear that the β crystallins from different investigated 
vertebrate species have comparable phv sicochemical character­
istics (15 - 19) In all cases the /(-crystallin aggregates arc built 
up of a number of different subunits of which at least some 
have been shown to have similarities m primary structure It 
thus appears that most of the fi crystallin chains in л species are 
the products of a family of related genes originated by repeated 
evolutionary processes of gene duplication Although a major 
chain corresponding to bovine fi В, can probablv be recognized 
in other vertebrate species [15 18 19] the diffei enees in W, and 
isoelectric points of most other fi crystallin chains (compare for 
instance the rat [19]) prevent the use of a uniform nomenclature 
for these chains in different species Also the aggregation 
characteristics of the /i-cry»tallin subunits may well difler 
among species 
We are grateful to Drs Huub Dnesscn and Sltvcn Sldptl for valuable 
discussions This investigation was earned oui partly under the auspices of 
the Netherlands 1-oundalion for ChimiLal Research (SON) wilh financial 
aid from ihe Netherlands Organisalion for iht Advancemenl of Pure 
Research (ZWO) 
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APPENDIX 
A TENTATIVE MODEL OF ß-CRYSTALLIN AGGREGATION 
On basis of the results presented in the preceding chapter a preliminary, 
simplified model of the successive steps in the aggregation behavior of the 
6-chains can be proposed, as follows: 
ßT- dimers (βΒρ, A and C) \ 
\ 
• j· i_ · /„ .^ „> \ basic chains ßBl _ „ ,. ,„ . 
acidic chams (D and E) > acidic chains? > 6H oligomers (ßBl, 
/ ßBp, А, В, D 
/ and E) 
β . trimers ( Βρ, А, В, D and E)' 
This can be used as a working hypothesis for future work. 
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CHAPTER I I I 
AGGREGATION BEHAVIOR 0Γ THE BOVINE ß-CRVSTALLIW В CHAIN 
STUPIEP BV LIMITEP PROTEOLYSIS 
Gay A.M. ВелЬелл, Annemoon M.M. Btan4, WWLtki А. Иогктап, 
ClnJiÁAtine. SLLngiby, Mam Zlomzndal and WilitU&d W. de. Jong 
Biockim. Biophyi. AcM (79S3), 74«, 213-219 
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The bovine /3-crystallm Bp chain is organized into two ven similar domains, with short extensions at both Л-
and C-termini, and two alternative models for the ßbp dimer have been proposed (Wistow, G., Slingsb), C, 
BlundeU, T., Driessen, H.P.C., De Jong. WW. and Bloemendal, H. (1981) FEBS Lett 133, 9-16). B> 
limited proteolysis the C-terminal arms can be cleaved off rapidly from the ßbp dimer, while the N-terminal 
arms are more difficult to remove. Trypsin divides the ^Bp chain into two fragments which approximately 
correspond to the two structural domains. Dissociation and reassociation of the different products of limited 
proteolysis indicated that the C-terminal arm extends freely from the surface and is not involved in 
Mibumt-contact; at least one N-terminal arm seems required for dimer formation; the N-terminal domains 
have a greater tendency to associate than the C-terminal domains and, when mixed, the purified domains 
reassociate partiall} to a M, 50000 structure like native /}Bp. These findings support the more extended 
dimer model of ßbf. 
Introduction 
The β- and -y-crystalhns form a superfamih of 
related proteins [1], which together make up the 
bulk of the eye lens protein ш most vertebrate 
species [2] The γ-crystalkns, of which at least five 
closely related gene products have been identified 
in bovine lens, occur as monomenc proteins of Mt 
20000 [3] The bovine /9-crystallins comprise six or 
more primary gene products of M, between 23 000 
and 33000, which associate to oligomers, contain­
ing from two to eight, or even more, chains [4]. 
The major bovine /J-cryslallm subumt, jSBp. shows 
29% homology with γ-crystallin II [1], the only 
bovine γ-cham of which the complete sequence is 
Abbreviation PMSF, phenylmetbylsulfonyl fluoride 
0l67-483S/83/S03 00 С 1983 Bsevier Science Publishers В V 
known [5] The tertiary structure of γ-crystallin II 
has been determined at 2 6 A resolution [6] This 
enabled the prediction by computer graphics tech­
niques of the three-dimensional structure of /3Bp 
[7] Both crystalhns are built up of two domains. 
which show considerable sequence similarity and a 
corresponding 2-fold repeat in the tertiary fold 
Each of the domains is again folded into two 
similar 'Greek key' motifs The main difference 
between the two crystallins is that ySBp has exten­
sions, at both N- and C-termuu, which may be 
involved m its self-association to dimers [8] Two 
different models for the j8Bp dimer have been 
proposed [7] 
To obtain insight into the role of the N- and 
C-terminal extensions and the two domains of /3Bp 
in the formation of dimers and the interaction 
with other /S-chains. we have studied the aggrega-
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tion behavior of ßBp chains lacking one or both 
terminal extensions, and of the separated ßhp 
domains For this purpose we have used the ap-
proach of limited proteolysis, which has been ap-
plied successfull> in the studv of conformational 
properties m many proteins [9] 
Materials and Methods 
L·mιιed proteolysis 
/8-Crystalhn aggregates were isolated from fresh 
calf lenses and the /8Bp subumt purified as previ­
ously described [4,10] Limited proteolysis with 
trypsin (Worthmgton) was earned out in 0 1 M 
ammonium bicarbonate (pH 8 0) at a protein con­
centration of 5 mg/ml using 0 25% enzyme (w/w) 
for up to 6 h at 370C m the case of /3Bp, or up to 
24 h at room temperature m the case of /S-crvstal-
1m aggregates Limited proteolysis with elastase 
(Whatman), chymotrypsin (Calbiochem A grade) 
and Staphylococcus aureus protease (Miles V8) was 
earned out m 0 1 M ammonium bicarbonate (pH 
8 0) at a protem concentration of 10 mg/ml, using 
0 5% enzyme (w/w), for up to 6 h at 37<>C fol­
lowed by 16 h at room temperature The reactions 
were stopped by lyophilization, or adding either a 
5-fold excess (w/w) of trypsin inhibitor (Sigma) or 
phenylmethylsulfonyl fluoride (PMSF, Merck) 
Aliquots were taken after different digestion tunes 
and analyzed by SDS gel electrophoresis, using 
slab gels which contained 13% Polyacrylamide, 
0 35% methylenebisacrylanude and 0 1 % SDS [11] 
Stauung and destauung were performed as de-
senbed by Weber and Osbom [12] The gels were 
calibrated with a mixture of protems of known 
molecular weight leucine ammopeptidase (54000), 
ovalbumin (45000), concanavahn A (30000), a-
chymotrypsmogen (27000), a-crystallin A (20000), 
myoglobin (17000) and cytochrome с (12400) 
Analyses of the proteolytic products 
Purification of the N- and C-terminal domains 
of /JBp, resulung from limited tryptic digestion, 
was achieved by gel-filtration over a 100 x 2 0 cm 
column of Sephadex G-75 sf at a flow rate of 0 04 
ml/mm using as eluent 5% acetic acid containing 
6 M urea Further digestions of the punfied do­
mains were earned out in 0 1 M ammonium bi­
carbonate, brought to pH 8 9 with 1 M ammonia, 
at 370C for 2 h using 2% (w/w) trypsin at a 
protein concentration of 10 mg/ml 
Cleavage with cyanogen bromide was earned 
out according to standard procedures [13] Peptide 
maps of the enzymatic digests were prepared by 
high-voltage paper electrophoresis at pH 6 5, fol­
lowed m the second dimension by descending 
chromatography [14] After Stauung the peptides 
with nmhydnn, or N-termmally blocked peptides 
with 4,4'-tetramethyldiaminephenylmethane 
(TDM, Пика) [15] they were eluted directly with 
6 M HCl containing 0 05% phenol (w/v) Peptides 
were hydrolyzed for 22 h at 110oC under vacuum 
and amino acid analyses were performed on a 
Rank Hilger Chromaspek analyzer 
Reossociation of ß-crystallm chains and fragments 
Reassociation of /J-crystallm chains and frag-
ments was performed as desenbed earher [4,16] 
The resulting aggregates were analyzed by gel-
filtration on a 100 X 1 5 cm column of Sephadex 
G-150 m 20 mM Tns-HCl buffer (pH 7 3), con-
taining 80 mM NaCl and 1 mM EDTA, at a flow 
rate of 0 10 ml/mm, and followed by gel electro-
phoresis 
Results and Discussion 
Limited proteolysis of ßBp 
Fig 1 demonstrates the effect of limited tryptic 
proteolysis on /5Bp A small fragment is almost 
immediately cleavftd off, even at a low concentra-
tion of trypsin (01%, w/w), and at both 37 and 
10oC When the reaction was stopped with trypsin 
inhibitor after 10 mm at 370C, the C-terminal 
trypuc peptide of /3Bp (residues 198-204 [1]) was 
found almost exclusively and identified by peptide 
mappmg and amino acid analysis Contmued pro-
teolysis resulted in the appearance of two frag-
ments of M, 12000 and 10000 When the proteol-
ysis was stopped after 6 h at 37CC using a trypsin 
concentration of 0 25% (w/w), the resulung frag-
ments could be separated by gd-fihration m 6 M 
urea (Fig 2, lanes 2 and 4) 
After complete tryptic digestion of the M, 12 000 
fragment all peptides between residues 90 and 197 
of ßbv could be identified by peptide mapping 
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and amino acid analyses, indicating that it con-
tains the C-terminal domain of the /?Bp chain All 
tryptic peptides from residues 1-88 could be re-
covered and analyzed from the peptide map of the 
M, 10000 fragment, which thus corresponds to the 
greatest part of the N-terminal domain of /3Bp 
The extent of cleavage of ßbp into its domains 
might be dependent on the conditions of reassocia-
tion of /}Bp after isolation by ion-exchange chro-
matography m the presence of 6 M urea A small 
amount of the subumt is always completely di-
gested by trypsin, which did not interfere with our 
analyses 
In order to investigate whether the N-termmal 
extension of /JBp is also accessible for limited 
proteolysis, we performed digestions with other 
enzymes This was done at higher protein and 
enzyme concentrations (10 mg/ml and 0.5% w/w, 
respectively) S aureus protease gave no sigmfi-
M r ж IO * 
» 
5 4 - <·». 
4 5 - · -
cant cleavage into large fragments (Fig ЗА) How­
ever, after 22 h a considerable amount of the j8Bp 
chain has been completely digested Limited pro­
teolysis with elastase resulted in two consecutive 
degradation steps (Fig 3B) The first cleavage is 
complete after 90 mm and the second one after 22 
h After 30 mm of proteolysis almost exclusively 
the C-terminal peptides 200-204 and 199-204 (in 
a ratio of 3 1) were recovered After 90 mm 
digestion the N-terminal pepude (residues 1-6) 
could be also isolated by peptide mappmg after 
staining with 4-4'-tetramethyldiaminediphenyl-
methane Some other peptides were isolated, at 
much lower yield, because again some complete 
digestion of /?Bp takes place, especially after 22 h 
When chymotrypsin was used, again two small 
fragments were successively cleaved off (Fig 3C) 
Proteolysis was stopped with PMSF after 2 h, 
whereupon the C-termmal chymotryptic peptide 
(residues 201-204) and the N-termmal peptide 
(residues 1-7) could be isolated and analyzed from 
the peptide map A small percentage of the /?Bp 
population is also completely digested by 
chymotrypsin with time The cleavage of the N-
termmal extension was confirmed by the ap-
3 0 -
M r . 10 
t 
ΣΟ­
Ι 7-
12 4 -
1 2 3 4 s e r β β 10 11 12 
Fig 1 One-dimensional SDS-gel electrophoresis of the prod­
ucts of limited tryptic proteolysis of βΒ
ρ
, after Stauung with 
Coomassie bnUiant blue The concentration of the protein was 
S mg/ml, and that of trypsin miually 0 1 % (w/w) and in­
creased to 0 25Î (w/w) after 20 mm, indicated by the arrow 
Abquots (5 pg of protein) were taken and analyzed at different 
tune intervals Lane 1. marker proteins, lane 2, β
Η
 crystallin, 
lane 3, ßbp starting material, lane 4, after 2 mm of limited 
proteolysis, lane 5, 5 mm, lane 6 ,10 mm, lane 7, 20 nun lane 
8, 30 mm, lane 8 60 nun, lane 10, 120 mm, lane 11. 240 nun, 
lane 12, 360 nun The N-terminal M, 10000 fragment appears 
to be more vulnerable to further proteolyuc attack than the 
C-temunal M, 12000 domain 
27- — 
2 0 - « · 
1 2 4 - 4 » 
1 2 1 4 s a τ · · to 11 11 1Э 14 15 
Fig 2 One-dimensional SDS gel electrophoresis of /ÏBp frag-
ments obtained after limited proteolysis with trypsin Lanes 1 
and 8 contain marker protems, lanes 3 and 12, CNBr-frag-
ments of β Β
ρ
 (M, 14000 and 9000) lane 2 N-termmal domain 
of ßup, lane 4 C-temunal domam, lane S, punfied /}BP, lane 6 
C-teraunally shortened ^ В
р
, lane 7, C-termmally shortened 
/3Bp after reassociation, lane 9 mixture of N- and C-temunal 
domains m a ratio 1 3, lane 10 M, 50000 material after 
reassociauon of this mixture, lane 11 excess of C-temunal 
domams, lane 13, mixture of N- and C-temunal domains m a 
rauo 3 1, lane 14, M, ¡0000 material after reassociauon of 
that mixture, lane IS excess of N-termmal domains 
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1 2 3 4 3 β · 10 11 12 13 14 I t 10 IT 
Fig 3 One-dimensional SDS-gel electrophoresis of the prod­
ucts of limited proteolysis of βΒ
ρ
 with S aureus protease (A), 
elastase (B) and chymotrypsin (C) Protein concentration was 
10 mg/ml and enzyme concentration 0 5% (w/w) Aliquots (5 
μg of protein) were taken at different times and analyzed Lane 
1 contams marker protems, lane 2 contains total water-soluble 
lens protem from calf, lane 3 βΒ
ρ
 starung material, lane 4, 
after 2 mm of limited proteolysis 5, 5 mm, 6. 10 nun, 7. 17 
nun. 8, 30 nun, 9,45 nun, 10, 60 nun, 11. 90 mm, 12 120 mm, 
13, 180 mm, 14 240 mm, 15, 360 mm, 16, 22 h, and 17, CNBr 
fragment of βΒ
ρ
 (M, 14000) 
pearance of a shortened N-termma] CNBr-frag-
meot on an SDS gel, when /)Bp was subjected to 
cyanogen bromide treatment after proteolysis with 
elastase (results not shown) 
These results allow some conclusions about the 
regions in the three-dimensional structure of the 
/JBp dimer which are exposed to proteolytic attack 
The C-termmal extension is readily cleaved at four 
positions (Fig 4). by trypsin at Arg-197, by elas­
tase at Gly-198 and Ala-199 and by chymotrypsm 
at Phe-200. The nearest glutamyl residue to the 
C-tennmus is at position 166, and is clearly not 
accessible to 5 aureus protease. No cleavage took 
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place by trypsin at Arg-187, -188 and -190, nor by 
chymotrypsm at Trp-194 Thus, it can be con­
cluded, that the last eight to ten residues of the 
C-terminal extension are the most accessible for 
limited proteolysis, and probably extend freely 
from the /}Bp dimer The N-termmal extension of 
the /?Bp cham is not cleaved by trypsin at Lys-17 
(Lys-10 is blocked by Pro-11). nor by 5 aureus 
protease at Glu-5. Only elastase and chymotrypsm 
were able to cleave the N-termmal extension, at 
Thr-6 and Gln-7, respectively, after prolonged di­
gestion. After 22 h elastase has completely re­
moved the N-termmal peptide, while m the case of 
chymotrypsm this cleavage occurs only partially 
(cf. Fig. 3B and С). The N-termmal extension is 
apparently less accessible for proteolytic attack 
than the C-termmal extension, whereas γ-crystallm 
II (results not shown) is not susceptible to limited 
proteolysis at all, which is m accord with the fact 
that it has no N- and C-termmal extensions [6] 
In the region between the two domains, m and 
around the connecting peptide (residues 102-105) 
N-ttrmmu* Ν-terminal domom 
» β ? ι» 
Ac-A-S-N-H-E-T-Q-A-G-K-P-Q-P-L-N 
Trypsin 
Elastost I 
Chymotrypsin I 
C'ttrmmal domain 
102 « 9 
D-SQ E 
С-terminus 
1*4 107 I M I M 2 0 0 2 0 4 
W-H-QR-G-A F-H-P-S-S-OH 
tt 
Fig. 4. Effect of limited proteolysis of /?Bp. The schematic 
representation of the primary structure and the reconstructed 
tertiary structure of ßBp visualize the locations of the cleavage 
positions. The thickness of the arrows corresponds with the rate 
of the cleavages. 
Η 
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[6,7]. no cleavage b} limited proteolysis occurred 
at all, although there are several potential trypsrn-
and chvmotrypsm-sensitive bonds (Arg-97, Lys-
100 and -107. Leu-93 and -96. and His-106) [1] 
The veo faint band in the SDS gel pattern of the 
5 aureus protease digestion (Fig ЗА) has an M, of 
15 000, which also cannot correspond to one of the 
domains, and thus is not due to cleavage at Glu-
105 It may be concluded that the connecting 
peptide and its surrounding are well-protected in 
the three-dimensional structure of the ßbp dimers 
The susceptibility of 0Bp to tryptic hydrolysis 
between Arg-88 and -89 further supports the pre-
dicted ternary structure [7] Tbs region of the 
polypeptide chain was buut as a surface loop 
extension between strands с and d of motif 2, the 
tryptic cleavage resulting in two relatively stable 
domain fragments (Fig 4) 
Reassoaalion of the ßBp -fragments 
To establish the mvolvement of the N- and 
C-terminal extensions and the domains in the as-
sociation behavior of /SB,,, reassociation experi-
ments were performed with the different fragments 
of the 0Bp chain, obtained after limited proteolysis 
with either irypsm or elastase The C-termmally 
shortened /?Bp chain (residues 1-197, obtained by 
tryptic proteolysis) was purified by gel-filtration in 
6 M urea (Fig 2, lane 6) It was found to reassoci-
ate to dimers (Fig 2, lane 7) with the same elution 
volume on gel-filtration as the dimers of native 
ßBf (M, 50000) (Fig 2, lane 5) This provides 
evidence that the C-termmal arm of ;8В
р
 is not 
required for dimer formation The C-termmal 
tryptic peptide 198-204 does apparently not re­
main attached to the £Bp dimer after limited pro-
teolysis This was concluded from the observation 
that peptide 198-204 was not found associated 
with the dimer after gel-filtration of the limited 
proteolytic digest of /SBp without pnor dissociation 
and reassociation Thus, it appears that the C-
tenmnal arm of /?Bp extends freely from the di-
mer, without close association with the remamder 
of the molecule 
The N-terminal domains, isolated and reassoci-
ated as described above (Fig 2, lane 2) formed 
dimers of M, 20000 or tetramers of M, 40000, as 
judged by gel-filtration, whereas the C-terminal 
domains (Fig 2, lane 4) formed monomers of M, 
MrxlO"3 
Fig 5 One-dimensional SDS gel electrophoresis of the /}Bp 
fragments obtained after limited proteolysis with elastase Lane 
1 contains marker proteins lane 2 purified /JBp lane 3 
mixture after 90 mm of proteolysis lane 4 Mt 50000 dimer 
after reassociation of the mixture of lane 3 lane 5 mixture 
after 20 h of proteolysis lane 6 Л/
г
 50000 dimer after reassoci-
ation of the mixture of lane 5 
12 000 Incidentally, dimers of M
r
 24 000 are found 
The purified N-termmal domain thus shows a 
greater tendency to aggregate than the C-termmal 
domain 
When mixtures of punfied C- and N-termmal 
domains were reassociated with either C- or N-
termmal domains m excess (Fig 2, lanes 9 and 13 
respectively), they always formed aggregates of M
: 
50000, composed of equal amounts of C- and 
N-termmal domains (Fig 2, lanes 10 and 14), as m 
native dimers of /ÌBp The excess of C-termmal or 
N-termmal domains eluted mainly as dimers and 
tetramers, respectively (Fig 2, lanes 11 and 15) 
The latter was not completely separated from the 
MT 50000 aggregate by gel-filtration Although the 
domains, obtamed by tryptic proteolysis, are not 
exactly similar to the structural domains of /3Bp, it 
is still clear from these reassociation experiments 
that they sho» a great tendency to aggregate to the 
M, 50000 structure with a proper stoichiometry 
Proteolysis of /?Bp with elastase during 90 mm 
gave a mixture which contained C-termmally 
shortened /}Bp chains (/?Bp 1-198) in excess of the 
N- and C-terminall> shortened /}Bp chains (/?Bp 
7-198) (Fig 5, lane 3) This mixture reassociated 
to dimers of Mr 50000, with a similar stoictuome-
tr% as before reassociation (Fig 5, lane 4) After 
proteolysis for 20 h with elastase. the /îBp 7-198 
chains are in excess over the /}Bp 1-198 chains 
(Fig 5, lane 5) This mixture also formed dimers 
of Mr 50000, but these dimers contained after 
reassociation equal amounts of /3Bp 7-198 chains 
and /3Bp 1-198 chains (Fig 5, lane 6) The excess 
of /SBp 7-198 chains could, for unknown reasons, 
not be detected am more, neither as a monomer 
nor at any other position m the elution volume 
The /ÌBp chain, from which both extensions are 
cleaved off by elastase, can apparently only form 
dimers in combination with chain 1-198, which 
still possesses its N-termmal arm This can be 
deduced from the shift m the SOS gel pattern, 
when /?Bp 7-198 m excess is reassociated with /5Bp 
1-198 (Fig 5, lanes 5 and 6) No such shift in the 
ratio between chams 1-198 and 7-198 is observed 
when /3Bp 1-198 is in excess (Fig 5, lanes 3 and 
4) Thus, it appears that /8Bp dimers can onl> be 
formed when at least one of the chams still has its 
N-termmal extension This implies that there is no 
interaction between the two N-termmal extensions 
in the normal /3Bp dimer, but rather between the 
N-termmal extensions and one of the domains of 
/?Bp 
Two possible dimenc structures for /}Bp have 
been predicted [7] In the compact dimer model, 
which exhibits pseudo 222 symmetry, there exist 
extensive interactions between the composing sub-
units involving both N- and C-termmal extensions 
An alternative, more extended dimer model in-
volves interactions between both the N-termmal 
domains and their extensions whereas neither the 
C-terminal domains nor their extensions interact 
with each other As both dimer models require 
interactions involving the N-termma] extensions 
either model would satisfy the experimental]) de-
termined condition that the N-terminal extension 
is relatively inaccessible to proteolytic cleavage 
However, the tryptic split at Arg-194 results m loss 
of the C-temunal peptide under nondissociating 
conditions and. furthermore, this does not inhibit 
dimer formation As the compact model mvolves 
an mteraction of Phe-200 of one monomer with 
the N-terminal domain of the other, these results 
clearly favour the more extended dimer model in 
which the C-temunal extensions are not implicated 
in dimer formation 
The reassociation expenments on isolated do-
mams of /?Bp are more difficult to interpret m 
terms of supportmg either of the predicted dimer 
structures as the N-termmal domain is incomplete 
because strand d of motif 2 remams attached to 
the C-termmal domain It is clear from the reas-
sociation experiments that the N-terminal domains 
associate strongly whereas the complete C-termi-
nal domain can exist as monomers It would be 
expected that the incomplete N-termmal domain 
would tend pnmanly to self-associate through lack 
of the d strand from motif 2, and this oligomer 
formation would be expected to be more com-
plicated than for a complete domain In fact there 
could be doubt that a native structure is reformed 
on reassociation, although the presence of specific 
soluble dimers and tetramers indicates that a rela-
tively stable conformation has been achieved Fur-
ther evidence that a native structure can be re-
formed is provided by the mixing of N- and C-
tenmnal domains in varying ratios under dissociat-
ing conditions The composition of the reassoci-
ated aggregates shows that the N- and C-terminal 
tryptic domains are capable of specific recognition 
for each other 
Although further investigations are required to 
determine the quaternary structure of bovine /3Bp 
our results can be better explained by the extended 
dimer model Furthermore, these expenments m 
which specific alterations are made to the pnmary 
structure of /JBj, molecules indicate a new ap-
proach to understanding the solubility and aggre-
gation properties of lens crystallms 
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APPENDIX 1 
FURTHER PROOF FOR N-TERMINAL NICKING OF ßBp BY ELASTASE 
The cleavage of the N-terminal extension of the gBp-chain by elastase has 
been confirmed by subjecting ßBp to cyanogen bromide (CNBr) treatment after 
limited proteolysis with elastase. In lane 1 of the Figure the CNBr-cleavage 
pattern of the whole gBp is shown: the N-terminal fragment CB1 (Mr 14,000) 
and the middle fragment CB2 (Mr 9,000), while the C-terminal fragment CB3 is 
too small to be seen (Mr 2,000). Some minor, partially cleaved fragments are 
also visible: CBl+2 (Mr 23,000), CB2+3 (Mr 11,000) and a very faint band of 
the starting material ßBp (Mr 25,000). After 90 min of limited elastase 
digestion the main bands (CBl and CB2) are still clearly visible, but a faint 
band (Mr 13,000) can also be observed (lane 2 in Fig.). After 22 h of elastase 
proteolysis the same pattern is visible, however the Mr 13,000 band is much 
more pronounced, and even faint bands of Mr 22,000 and Mr 10,000 have now 
become visible (lane 3 in Fig.). The only explanation for the appearance of 
the Mr 13,000 band is the N-terminal cleavage by elastase of the ßBp-chain, 
thus diminishing normal CBl (14,000), while the faint band of 10,000 is due 
to cleavage by elastase of the C-terminal extension in ßBp, thus diminishing 
normal CB2+3 (11,000). In this way, CNBr-treatment proved to be a suitable 
tool to provide evidence about the specific cleavage of proteins. 
F-tg. : One-dimensional SDS-gel electrophoresis of 
the CNBr-fragments obtained after limited 
proteolysis of ßBp with elastase (lane 1: 
0 min., lane 2: 90 min. and lane 3: 22 h). 
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APPENDIX 2 
INFLUENCE OF LIMITED TRYPTIC PROTEOLYSIS ON NATIVE g-CRYSTALLIN AGGREGATES 
When the three different ß-aggregates, ($„, β . and β _, are subjected 
separately to limited tryptic proteolysis and, after stopping the reaction 
with an excess of trypsin inhibitor, immediately applied to a Gl50 sf column, 
several changes in the aggregation form and composition (see Fig.) of the 
g-aggregates can be observed. First, the oligomer g (lane 3 in Fig.) is 
capable of maintaining the oligomer aggregation form (lane 4) or a slightly 
smaller form (lane 5), although the gH-characteristic basic chains gBla and 
gBlb have lost their N-terminal extension (see Chapter IV). This indicates 
that the N-terminal extension with its remarkable Pro-Ala repeat is not a 
prerequisite for gH-formation, and therefore can be involved in some other 
association. Secondly, when the gBp-chain in g,, is fragmented into N- and 
π 
С-terminal domains the aggregation form seems to be reduced to dimers (lane 
6). Similarly, in the ßL^ trimers (lane 7), when submitted to limited tryptic 
Mr 
I 
54-
27-
t в^ш^ШИ 
1 Ζ 3 4 5 6 7 8 9 IO 11 12 13 14 15 16 
F-cg.: One-dimensional SDS-gel electrophoresis of the g-aggregates before and 
after limited tryptic digestion. Lanes 1 and 12 contain the usual 
marker proteins, lane 2 contains total water-soluble lens protein and 
lane 11 CNBr-fragments of βΒρ (14,000 and 9,000); the content of 
the other lanes is explained in the text. 
S G 
proteolysis (lane 8), the 6Bp-chains turn out to be arranged in such a way 
in the aggregates, that residues 88 and 89 still can be approached by trypsin 
(see Chapter III) , leading to the formation of dimers. As could be expected 
from the results presented in Chapter III BT-, remains in the dimer form after 
limited proteolysis (lanes 9 and 10, respectively). Virtually the same 
results are obtained, when ß„ is dissociated in 6 M urea after limited 
π 
tryptic proteolysis and reassociated before gel filtration (lanes 13, 14, 15 
and 16 are comparable to lanes 3, 4, 5 and 6). 
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CHAPTER ÍV 
PROLINE- AWP ALANINE-RICH N-TERMINAL EXTEW5IÖW OF THE 
BASIC BOVINE B-CR^STALLIW B , CHAIMS 
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The amino acid sequence of the N-tcrmmal region of the two basic bovine /?-crystallm Bi chains has been 
analyzed. The results reveal that /УВіь is derived in vivo from the primary gene product ДВи by removal 
of a short N-lerminal sequence. It appears that the/7Bi chains have the same domain structure as observed 
in other /3- and y-crystallin chains. They have, however, a very long N-terminal extension in comparison 
with other /?-chains. This extension is mainly composed of a remarkable Pro- and Ala-rich sequence, which 
suggests an interaction of these structural proteins with the cytoskeleton and/or the plasma membranes 
of the lens cells. 
Protein sequence Bovine 0-crystallin N-termmal extension Proline- and alantne-nch 
Domain structure 
1. INTRODUCTION 
The crystallins are evolutionary highly conserv­
ed structural eye lens proteins, which can be divid­
ed into 4 classes: a-,/3-, y- and ¿-crystallm [1]. The 
/?- and y-crystallins show considerable sequence 
homology [2-6]. The 3-dimensional structure of 
the bovine y-crystallm II chain has been determin-
ed [7], and a similar tertiary fold has been 
predicted for two/ff-crystallin chains [8,9]. The/?-
and y-crystallins are built up of two domains, 
which show considerable sequence similarity, sug-
gesting an intragenic duplication in the ancestral 
gene of these proteins. The oligomeric/?-crystalIins 
differ mainly from the monomeric y-crystallms by 
the presence of N- and C-terminal extensions [8,9]. 
Bovine ^ -crystallins comprise 6 or more primary 
gene products of M, between 23000 and 33000, 
which can associate to oligomers, varying from 
dimers and trimers Cftow) to octamers <#,ць) [10]. 
Two highly basic chains, /ÍBu and /ТВіь with A/, 
Published by Elsevier Science Publishers В V. 
00145793/83/$3 00 © 1983 Federation of European Biochemical 
33000 and 31000, respectively, are characteristic 
for Aigh [11]. /tfBi» is a primary gene product, from 
which /?Bib arises by post-translational modifica­
tion [10-12], most probably a proteolytic step 
[13]. /?Bia is also one of the few crystallins besides 
a-crystallin A2, which strongly associates with the 
lens plasma membranes [13]. 
Here we present the characteristic amino acid se­
quence of the N-terminal region of these two basic 
/?-crystallin subunits. 
2. MATERIALS AND METHODS 
/?-Crystallin was isolated from calf lens cortices, 
and the polypeptides /?u and /7Віь were purified as 
in [10,14]. 
2.1. Limited proteolysis with trypsin 
Limited digestion of /SBu and /?Віь was carried 
out at 370C in 0.1 M ammonium bicarbonate (pH 
8.0) at a protein concentration of 1 mg/ml, using 
Societies 
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0 1% (w/w) trypsin (Worthington, TR TPCK) 
Trypsin inhibitor (Sigma) was used to stop the 
digestion Ahquots were taken at different times 
and analyzed by slab gel electrophoresis (13% 
Polyacrylamide, 0 35% methylene-bisacrylamide 
and 0 1% SDS) [15] 
2 2 Characterization of the ßBi-chams 
Protein chemical methods were used as in [2] 
The chains were subjected to end-group analysis 
with dansylchlonde After S-jff-aminoethylation of 
/?Bi and cleavage with CNBr, the resulting 
fragments were separated on a column of 
Sephadex G-75 sf m 20% HAc at a flow rate of 0 1 
ml/min The N-terminal CNBr-fragments were 
digested with trypsin and chymotrypsin 
(Calbiochem A grade) Peptides were isolated and 
analyzed after high-voltage paper electrophoresis 
at pH 6 5, followed in the second dimension by 
descending chromatography In some cases the 
neutral zone was submitted to reelectrophoresis at 
pH 3 8 
2 3 Liquid phase sequencing 
Sequence analyses were obtained by automatic 
Edman-degradation with a Beekman Model 890 С 
Sequencer (Palo Alto CA) The/ÎBrb-chain and the 
Pro- and Ala-rich peptide, which was modified 
with Reagent IV [16] at lysine, were sequenced 
with a 0 25 M Quadro! program as in [17] In each 
cycle a second cleavage step was performed 
because of the high proline content The conver-
sion was automatic, in an auto-convertor Se-
quemat P-6 (Kontrol Technics, GmbH, Ectung) 
PTH-amino acids were identified by thin-layer 
chromatography in 3 consecutive systems [18,19], 
and by high pressure liquid chromatography 
(HPLC, 1084 B, Hewlett Packard, Böblingen) 
2 4 Numbering of residues 
In order to facilitate comparison with other β-
and 7-crystallins, we assigned position no 1 to the 
ßb\ residue corresponding with the first residue of 
the •y-crystallm II chain, and indicated the N-
terminal residues by negative numbers from this 
residue backward, as in [8] 
3 RESULTS AND DISCUSSION 
The effect of limited tryptic proteolysis on /tfBu 
and /?Віь is demonstrated in fig 1 A small frag­
ment is almost immediately cleaved off from the 
/ÎBii-chatn (fig 1A) When the limited proteolysis 
was stopped after 5 mm with trypsin inhibitor, and 
the resulting digest subsequently analyzed by pep-
tide mapping and amino acid analysis, this frag-
ment was found to contain the peptides Τ -57/ 52 
and Τ -51 /-36 (fig 2) Continued proteolysis 
resulted in the cleavage of a second fragment (fig 
1 A), which contained only peptide Τ -35/ 8 (fig 2), 
although some complete digestion of the/?Bi-chain 
also takes place at prolonged digestion Under 
these conditions, peptide Τ -51/-36 is cleaved, 
yielded peptides Τ -51/-38 and Τ -37/ 36, and 
reelectrophoresis of the neutral zone at pH 3 8 was 
necessary to separate the peptides Τ -51/-38 and Τ 
-57/-52 
When the /?Bib-chain was subjected to limited 
tryptic proteolysis for 30 mm (fig IB), the large 
peptide Τ -35/-8 could again be identified as well 
as the peptides Τ -46/-38 and Τ -37/-36 (fig 2) The 
remaining polypeptide chain has a M, around 
25000 (fig 1), which corresponds to that of the 
other ytf-crystallins 
End-group determination of the /TBib-cham 
revealed proline as N-terminus, and no result was 
obtained in the case of /?Bu, indicating that /УВи 
might be N-terminally blocked like /7Bp [2] 
Automatic sequence analysis was thus started with 
the/TBib-chain Unfortunately, two N-termmi were 
found, Ala-46 and Pro-43 (fig 2) in a ratio of 1 2, 
which made the identification of the PTH-amino 
acids very difficult after about 20 cycles 
Therefore, the peptide Τ -35/-8 was isolated from 
preparative peptide maps and submitted to 
automatic sequence analysis This revealed the 
remarkable presence of an 8-fold repeat of the se­
quence Pro-Ala (fig 2) 
CNBr-treatment of the two proteins, followed 
by SDS-gel electrophoresis, allowed the identifica­
tion of the N-terminal CNBr-fragments, because 
they still possess the difference m length (M, 14000 
for/?Bi,-CBl and M, 12000 for/УВіь-СВІ), while 
all other fragments are similar in molecular mass 
End-group determination of these isolated N-
terminal fragments gave the same results as for the 
whole proteins Pro for /ÌBn, and no free N-
terminus for ,0Ви After tryptic digestion of the N-
terminal CNBr-fragment of #Bu the same peptides 
could be recovered as identified by limited tryptic 
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PB1a - * 
І 
- 2 7 
2 0 
В 
PB ib — 
27 
І 
- 2 0 
2 3 8 9 10 11 12 13 14 15 16 
Fig.l. SDS gel electrophoresis of the limited tryptic digest of ¿?Віа (A) and/ÍBib (В). Samples are: (1) marker proteins 
(a-chymotrypsinogen, M, 27000; o-crystallin A, M, 20000); (2) total soluble calf lens protein; 
(3) starting material; (4) after 1 min limited proteolysis; (5) 3 min; (6) 5 min; (7) 10 min; (8) 15 min; (9) 20 min; (10) 
30 min; (11) 45 min; (12) 60 min; (13) 90 min; (14) 120 min; (15) 180 min; (16) marker proteins. The double band in 
the starting material of lane B3 is due to the N-terminal heterogeneity of/?Віь (cf. fig.2). 
proteolysis,and in addition peptides which belong 
to the N-terminal domain, considering the 
homology with other /3- and y-crystallins (fig.2). 
The same tryptic peptides could be obtained from 
the N-terminal CNBr-fragment of/УВіь, obviously 
with the exception of the N-terminal peptides Τ 
-57/-52 and Τ -51/-38. The peptide Τ -43/-38 was 
found to be the N-terminus of the CNBr-fragment 
of /tfBib. Apparently, the Asn-Pro bond at posi­
tion -44/-43 is easily broken by acid treatment, and 
the original N-terminus of ßßib in vivo will pro-
bably be Ala-46. 
Chymotryptic digestion of the N-terminal 
CNBr-fragment of/УВі, supplied all the necessary 
overlaps (fig.2). It is not sure whether the N-
terminus of/?Βι„ is located at position -57. The dif­
ference in charge between ^ B u and ^Віь, as 
visualized on a 2-dimensional gel [10], cannot be 
accounted for by peptides Τ -57/-52 and -51/-47, 
because they are both neutral. We were, however, 
unable to detect any additional peptides, whether 
or not blocked, in the tryptic and chymotryptic 
digests of the N-terminal CNBr-fragment of/УВи. 
The sequence homology between the N-terminal 
domain of the/?Bi-chains and those of bovine/?Bp 
[2] and mouse 023 [9] is about 50%, and compared 
to bovine 7-crystallin II [4] about 25%. This seems 
to warrant the presence of the same tertiary folds 
in these domains. In contrast, fig.2 shows that the 
N-terminal extension of 0Bt is totally different 
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x(Ser G M Pro A l j A l l ) ys(Thr Ser Ala Ale Ala Ala Val Asn Pro Gly Pro As« Gly Lys Gly Lys Ala Gly Pro Pro Pro G y Pro Ala Pro Gly Ser Gly Pro A a 
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Pro A a Pro Ala Pro Ala Pro Ala Gin Pro Ala Pro Ala LysiSer Glu Pro Pro Gly Ala Leu)Tyr Lys(Leu Val Val Phe Glu Gin Glu Asn Phe Gin UyJArg 
- C -
Ββ Ac Ala Ser Asn His Glu Thr Gin Ala Gly Lys Pro Gin Pro Leu Asn Pro Lys I l e l i e le Phe Glu Gin Glu Asn Phe н s uly H s 
Ρ 
p ? î Pet Leu Туг Leu val Leu Phe Leu Va Pro Phe Asn Ser Me oln I l e Thr l e Tyr Asp Gin Slu Asn Pie Gin uly Lys 
V I I Gly Lys I l e I h r Phe Tyr Glu Asp Arq Gly Phe Gin Gly Hfs 
Fig 2 Amino acid sequence of the N-terminal region of the bovine /7-crystaUin Bi-chains Sequences were determined 
by automatic liquid phase sequencing (->·) of totaljtfBib-chain and of Τ -35/-8, and on the basis of amino acid composi­
tions of tryptic (T) and chymotryptic (C) peptides obtained from the N-terminal CNBr-fragments of/УВц and/TBib 
Peptides indicated as Т., С, and Ть are only found in the digests of the /?Bi
a
 and /?Віь chains, respectively Residues 
1-14 form part of the N-terminal domain, the remaining residues of the N terminal CNBr-fragments (positions 15-70) 
are not shown For comparison the corresponding N-terminal regions of bovineβΒ
ν
 [2], mouse/323 [9] and bovine yll 
[4] are given The two cleavage positions m the /TBu-chain, found by limited proteolysis, are marked with an arrow 
The two N-termmi of the/TBit-chain, identified by sequence analysis, are marked with an asterisk X indicates that fhe 
/TBi.-chain is blocked, it is however uncertain whether peptide Τ -57/-52 is the N-terminal one The symbols ( ) and 
(,) are used as in [27] 
from that of the other two known /7-chams. This 
may confer characteristically different functional 
properties upon the different/^-chains. Interesting­
ly, the ДВі sequence of the rat, as determined by 
cDNA analysis, shows a very high homology (some 
95%) in the N-terminal domain, while the N-
terminal extension is again completely different 
from that of bovine βΒι (J.T den Dunnen, per­
sonal communication). 
It should be noted that peptides Τ -35/-8 and С 
-46/ + 1 are readily soluble, despite their size and 
very high alanyl and prolyl content, and exhibit a 
remarkably hydrophilic behavior in chromato­
graphy. It may indeed be expected from studies on 
model peptides [20,21] that the repeated Ala-Pro 
sequences will induce extraordinary conforma­
tional properties This might also explain the 
relatively great decrease in apparent MT, which is 
observed on SDS-gel when the peptide Τ -35/-8 is 
cleaved off by limited tryptic proteolysis (fig I). 
The Pro- and Ala-rich sequence is apparently not 
able to bind the normal amount of SDS molecules 
because of its conformation, therefore the /?B|,-
and ^Bib-chains may be relatively retarded in SDS 
gel electrophoresis 
The putative hydrophobic N-terminal extension 
of mouse /323 resembles a membrane anchor se­
quence, and might link this chain to the lens mem­
branes or, alternatively, be involved in the associa­
tion with other /î-crystallin chains [9] The N-
terminal extension of the/tfBi-chains, although not 
of such a hydrophobic nature, may have a similar 
role, as supported by the tight association of these 
chains with the lens membranes [13] and their oc-
-35 -30 -25 20 -15 10 
eBj -G1y-Lys-G1y-Lys-A1a-G1y-Pro-Pro-Pro-Giy-Pro Ala Pro Gly Ser Gly Pro-Ala-Pro-AU-Pro Ala Pro-Aia-Pro-Ala-Gin-Pro Ala-Pro-Ala-Lys-
1 5 10 15 20 25 30 
Al j X-Pro Lys Lys Asn-Val-Lys-Lys-Pro-Ala Ala Ala-Ala-Ala Pro-Aia-Pro-Lys Ala Pro-Ala Pro-Ala Pro Aia Pro-Aia-Pro Ala-Pro Lys-
Fig 3 Comparison of the Pro- and Ala-rich sequences of the amino-terminal regions of the bovine/?-crystallin B,-chains 
and of the alkali light chain Ai (Ali) from rabbit myosin [22] The underlining emphasizes the Pro-Ala repeats in both 
sequences 
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currence in the oligomeric /?h¡»h-aggregates. In this 
respect the similarity with the N-terminal region of 
the alkali light chain Ai from rabbit myosin [22] 
(fig.3) is suggestive of comparable properties. The 
N-terminal segment of A h has been shown to in-
teract with the C-terminal segment of actin 
[23-25]. Preliminary crosslinking experiments fail-
ed to reveal such an association between /TBi and 
actin, which is present in the lens cytoskeleton [26]. 
We are currently searching for specific interactions 
between the N-terminal extension of the/JBi chains 
and other membrane or cytoskeletal proteins. 
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HOMOLOGY BETWEEN THE PRIMARY STRUCTURES OF THE 
MAJOR BOVINE B-CRYSTALLIN CHAINS 
SUMMARY 
Partial amino acid sequences of six major subunits of bovine ß-crystallin 
have been determined by automatic liquid phase Edman-degradation and the 
dansyl-Edman procedure, complemented by amino acid analyses of peptides. 
The results show that, including the previously established gBp sequence 
(H.P.C. Driessen et al., (1981) Eur. J. Biochem. 121, 83-91), there exist 
at least seven primary gene products in bovine ß-crystallin, which exhibit 
40% or more sequence homology. Two of the gene products are completely 
identical except for the presence in one of them of 17 additional residues 
at the N-terminus, possibly caused by differential splicing of the same 
primary RNA-transcript. The rate of evolutionary change of the ß-chains 
(4% sequence change per 100 χ IO6 years) is about equally slow as that of 
cx-crystallin, and the gene duplications giving rise to the different chains 
must have occurred very early in vertebrate evolution. The ß-chains can be 
divided into two groups, according to sequence homology and presence of 
deletions/insertions and C-terminal extension, on which basis a new, rational 
nomenclature for the ß-subunits is introduced. The N-terminal extensions of 
all ß-chains are very different in length and sequence, even between 
homologous ß-chains in different species. Possible explanations for this 
finding are discussed. 
INTRODUCTION 
The evolutionarily highly conserved structural eye lens proteins, the 
crystallina, can be divided into four classes α-, β-, γ- and δ-crystallin, 
of which ß-crystallin is the most heterogeneous (1). In bovine ß-crystallin 
six or more chains are primary gene products, whereas some ten others arise 
by post-translational modification (2). They can associate to oligomers, 
varying from dimers and trimers (β. ) to octamers (β„. .) (2,3). This 
Low High 
diversity in ß-crystallin subunits has also been found at the mRNA level 
in the chicken lens (4). The primary structure of the predominant bovine 
69 
ß-crystallin chain, ßBp, has been elucidated (5), while the protein structure 
of a major murine ß-crystallin polypeptide (23) has been deduced from cDNA 
and genomic DNA analysis (6,7). Several mRNA's of the rat lens crystallins 
have been cloned (8), and recently the nucleotide sequence of one of these 
has revealed the primary structure of the ßBl-chain (9). 
Amino acid sequence determination of bovine γ-ΙΙ (10) and nucleotide 
sequence analyses of several γ-crystallin cDNA's from rat (11) and frog (12) 
have shown a considerable homology between β- and γ-crystallins. The three-
dimensional structure of the bovine γ-ΙΙ chain has been determined (13) and 
a similar tertiary fold has been predicted for two ß-chains, ßBp (14) and 
ß23 (7). The β- and γ-crystallins are built up of two domains, which show 
considerable sequence similarity, suggesting an intragenic duplication in 
the ancestral gene of these proteins. Each of the domains is again folded 
into two similar "Greek key" motifs. A relationship between these structural 
motifs and the exons of the murine 323 gene has been suggested (7). The 
oligomeric ß-crystallins differ mainly from the monomeric γ-crystallins by 
the presence of N- and C-terminal extensions (7,14). 
The main goal of our present investigation was to determine the degree 
of sequence variability among the primary gene products in bovine ß-crystallin, 
which will contribute to understand their structural and functional 
differences, and their evolutionary history. We therefore have elucidated 
representative parts of the sequences of the subunits ßBl, A, B, C, D and E, 
which were previously found to be the major ß-subunits, in addition to ßBp (2). 
MATERIALS AND METHODS 
lioZcution o{ &-скси. & 
ß-Crystallin was isolated from calf lens cortices and the major 
ß-crystallin polypeptides, ßBla, ßBlb, ßBp, А, В, С, D and E were purified 
essentially as previously described (2,15). Ion-exchange chromatography was 
carried out at 40C on a 20 χ 1.5 cm column of DEAE-cellulose (Whatman DE-52) , 
equilibrated in 5 mM Tris-HCl (pH 7.7), containing б M urea and 0.02% 
1,4-dithiothreitol, at a flow rate of 0.32 ml/min, eluting successive 
fractions with stepwise increasing Tris concentrations (5-20-30-35-40-70 mM 
Tris-HCl). The proteins were identified by SDS-gel electrophoresis (16) or 
by 2-dimensional gel electrophoresis according to O'Farrell (17). 
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ChoACLctetUzation о^ e-chcUni 
All protein chemical methods were as described earlier (5). After 
S-6-aminoethylation and treatment with CNBr the resulting fragments of the 
ß-chains were separated on a column of Sephadex G-50 sf in 5% acetic acid 
at a flow rate of 0.1 ml/min, and usually further purified by rechromatography 
over a column of Sephadex G-50 sf or Sephadex G-25 sf in 20% acetic acid at 
the same flow rate. In some cases final purification was achieved by high-
voltage paper electrophoresis (pH 3.8 or pH 6.5). The CNBr-fragments were 
characterized by amino acid analysis, end-group analysis with dansylchloride 
and, when their M was large enough, by SDS-gel electrophoresis. 
Digestions were carried out with trypsin (TRTPCK, Worthington), chymo-
trypsin (Calbiochem, A grade). Staphylococcus aureus protease (Miles, V8), 
elastase (Whatmann) and thermolysin (Calbiochem, A grade). Peptide mixtures 
were separated by high-voltage paper electrophoresis at pH 6.5, followed in 
the second dimension by descending chromatography. In some cases the neutral 
zone was submitted to reelectrophoresis at pH 3.8. After detection of 
tryptophan residues by UV-light, and localization of the peptides by staining 
with fluorescamin or, in the case of N-terminally blocked peptides, with 
4,4'-tetramethyldiaminediphenylmethane (TDM), the peptides were eluted and 
hydrolyzed in 0.5 ml 6 M HCl, containing 0.05% phenol (w/v), for 22 h under 
vacuum at 110 С and subsequently analyzed on a Rank Hilger Chromaspek Analyzer. 
Sequence anaiyiti 
Sequence analyses were performed by automatic Edman-degradation in 
liquid phase sequencers of the Beekman models 890 В and 890 C. The CNBr-
fragments were sequenced using a 0.25 M Quadrol programme according to 
Edman (18). The conversion was automatic, in an auto-convertor Sequemat P-6 
(Kontron Technics). For small CNBr-fragments the coupling reaction was carried 
out in 1.25 M 3-diethylaminopropin (19) and the conversion in 3 M trifluoro 
acetic acid for 14 min at 80oC. Phenylthiohydantoin-amino acids were 
identified by thin-layer chromatography in three consecutive systems (19,20), 
and by high-performance liquid chromatography (HPLC 1084 B, Hewlett Packard). 
The reaction conditions for the ßBlb-chain and its peptide Τ -46/-8 were 
described elsewhere (21). Some peptides were sequenced by the dansyl-Edman 
procedure (22), using thin-layer chromatography on polyamide sheets ( 5 x 5 cm) 
for identification of the dansyl amino acids. Other peptides were placed in 
the sequence on basis of homology with already known ß-chains. 
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Amide groups were assigned by identifying the penylthiohydantoln 
derivatives of glutamine and asparagine after automatic Edman degradation 
or deduced from the electrophoretic mobilities of small peptides at pH 6.5 
and taking into account the location of amides in the already known B-sequences. 
Tzptidz nommcJLatwie. 
The CNBr-fragments of ßBla are indicated by the letters CB and a number, 
corresponding to the order in which they occur in the chain, while the 
CNBr-fragments of the other chains are indicated only with the same symbol 
as the whole subunit followed by a number. 
Humbwing о ($ .tei-tduei 
In order to facilitate comparison with other β- and γ-crystallins, we 
have followed Wistow et al. (14) in assigning position No. 1 to that residue 
of the ß-chains, which corresponds with the first residue of the γ-ΙΙ chain, 
and indicating the N-terminal residues by negative numbers from this residue 
backward.. From position No. 1 towards the C-terminus we numbered the residues 
according to the sequence of β23, including gaps introduced to optimize 
homology. 
RESULTS 
Fig. 1 shows which parts of the six investigated ß-chains (ßBl, А, С, E, 
В and D) actually have been sequenced, and which parts have been analyzed 
by enzymatic digestion and localizing the peptides on basis of homology with 
already known sequences. The sequence analyses of these parts of the ß-chains 
are summarized in Fig. 2. Elution patterns of the CNBr-fragments of the six 
ß-chains are shown in Fig. 5. 
Fragments CB,. and CB„ , from the ßBl-subunit were submitted to automatic 
sequence analyses and to peptide mapping. The mixture of CB. and CB2 and the 
fragment CB,., after rechromatography, were subjected to peptide analysis only. 
The sequence determination of the N-terminal part of this chain (CB.) has 
been described elsewhere (21) , but has been included here for the sake of 
completeness. The existence of the CB- , fragment can be explained by the 
presence of a Met-Ser bond between CB, and СВ., where, upon treatment with 
CNBr, the methionine has been converted to homoserine without cleavage of the 
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F¿g. Í; Schematic comparison of eight ß-crystallin chains. The black parts 
of the bars represent sequences which are determined by liquid phase 
sequence analysis or by the dansyl-Edman procedure. Bovine ßBp and 
murine 623 have previously been elucidated (5,7) and are therefore 
totally in black. The hatched parts of the bars indicate sequences 
which have been determined by peptide analysis and localized on 
basis of homology with already known ß-sequences (5,7,9). No con-
clusive sequence information has been obtained for the blank parts 
of the bars. The methionine residues are indicated by black triangles 
and the corresponding CNBr-fragments are designated according to 
the rules given in Materials and Methods. The old, provisional 
nomenclature for the bovine ß-chains is given at the left, and a new, 
more rational nomenclature at the right. The apparent Mr of each 
chain, as estimated by SDS-gel electrophoresis, is shown in brackets,-
X indicates that the bovine ß-crystallins are N-terminally blocked. 
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peptide bond (23). Unfortunately, CB- .. was washed out after 15 cycles. 
Since the ßBl-sequence of the rat was available (9), we were able to deduce 
the whole bovine ßBl-sequence by enzymatic digestion and peptide analyses 
(Fig. 2; Tables 1 and 2), with the exception of a small, hydrophobic region 
in CB. (residues 35-43) . When the ßBl-sequences of bovine and rat are 
compared, starting at residue 1, thus excluding the N-terminal extensions, 
a minimum of only 10 residues is found to be substituted. As compared to 
rat the following, mostly conservative substitutions are observed: at 
position 2 Arg-Lys, 31 Asp-Glu, 50 Ala-Asn, 70 Thr-Ser, 87 Arg-Lys, 
96 Ile-Leu, 132 Ile-Val, 133 Thr-Arg, 191 Gln-Arg and at 199 Thr-Ala. 
This corresponds to a sequence homology of 95% between the bovine and rat 
ßBl-chains. 
From chain A both A_ and A, were submitted succesfully to liquid phase 
sequencing through 50 and 42 cycles, respectively. There were, however, 
some problems in identifying Cys-residues, because chain A was not amino-
ethylated, as well as Arg-residues for some unknown reason. No analysis 
of A. could be achieved, indicating that it is N-terminally blocked. The 
sequence of A. could be solved by performing the dansyl-Edman procedure 
on the elastase peptides of A. (Table 12), with the exception of the N-terminal 
peptide -23/-20, which is blocked. Tryptic peptide analysis of A and A 
established the remaining parts of these fragments (Table 3) and the C-terminal 
F-cg. 2: Amino acid sequences of major parts of the bovine crystallin chains 
ßBl, ЗВЗ (A), ßA2 (С), ßA4 (E), ßAl (В) and ßA3 (D). 
Sequences were determined by liquid phase sequence analysis (->-) and 
by dansyl-Edman degradation (-?) . Sequenced residues are connected by 
hyphens (-). Residues which could be faithfully placed by peptide 
analysis and on basis of homology are connected by dots. Peptides 
of which the residues could not be faithfully placed, are in brackets 
and the residues are connected by comma's. All digestions were 
carried out on CNBr-fragments (CB) with trypsin (T), chymotrypsin (C), 
elastase (E), Staphylococcus aureus protease (SP) or thermolysin (Th). 
Amino acid compositions are given for the ßBl-chain in Table 1 
(tryptic peptides) and in Table 2 (chymotryptiс peptides); for the 
ßB3-chain (A) in Table 3 (tryptic peptides) and in Table 12 (elastase 
and staphylococcal protease peptides); for the ßA2-chain (С) 
in Table 4 (tryptic peptides) and in Table 5 (chymotryptic peptides); 
for the ßA4-chain (E) in Table 6 (tryptic peptides) and in Table 7 
(chymotryptic peptides); for the ßAl-chain (B) in Table 8 (tryptic 
peptides) and Table 9 (chymotryptic peptides); for the ßA3-chain (D) 
in Table 10 (tryptic peptides), Table 11 (chymotryptic peptides) and 
Table 13 (thermolytic and Staphylococcal protease peptides). In Table 
14 amino acid compositions are given of several smaller CNBr-fragments 
X indicates that the bovine ß-crystallins are N-terminally blocked, 
in the case of βΑΙ (В) and ßA3 (D) probably by Ac-Met. 
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683 (Α) ЧІ-Asp-Asp-Asp-ïal-Pro-Ser-leu-Trp-Ala-His-ely-Phe-Gln-Asp- Arg-Val-Ala-Ser-Val-Arg-Ala-Ile-Asn-Gly-Thr-Trp-Val-Gly-Tyr-
Τ — Τ Τ 
jAJ (С) Gly-Trp-Ali-Ser-Lys-Asp-Val-Gly-5er-Leu-lys-»al-Ser-Ser-eiy-Ala-Trp-Val-Ala-Tyr-
SA4 (Ε) Gly-Trp-Asp-Gly-Asn-Glu-Val-Gly-Ser-Phe-Hts-Val-Cys-Ser-Gly-Ala-Trp-Val-Cys-Ser-
T · 
βΑΙ (8) Cys Asp Asp Туг Pro Ser Leu Gin Ala Het Gly-Trp-Pro-Asn-Asn-Glu-Val-Gly-Ser-Met-Lys-lle-Gtn-Cys-Gly-Ala-Trp-Val-Cys-Tyr-
C-
βΑ3 (D) Cys Asp Asp Туг Pro Ser leu Gin Ala Het Gly Trp Pro Asn Asn Glu Val Gly Ser Het lys-lle-Gln-Cys-Gly-Ala-Trp-Val-Cys-Tyr-
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gel Cln Туг Pro Gly Туг Arj віу Туг Gin Туг L«i Leu í lu Pro Gly Asp Phe Arg Hts Trp Ain Glu Trp Gly AU 
-С — - С — — С — С -
бВЗ (A) Glu-Pht-Pro-Sly-Tyr-Ars-Gly-Arj-Gln-Tyr Vil PI« Glu Arj Gly-Glu-Tyr Arg(Hls.Trp,Asp.Asp.Trp,Asp, Ala. 
βΑ2 (С) Gln-Tyr Pro-Gly-Tyr-Ar9-Gly-Tyr-Gli)-Tyr-¥al-l«u-Glu-Ar9-Asp-H1s-H1s-S«r-Gly-Glu-Phe-Arg-Asn-Tyr Ser Glu PI» Gly Thr His Ala 
βΜ (E) Gln-Phe-Pro-Gly-Tyr-Arj-Gly-Phe-Gln-Tyr-Vat-leu-Glu-Cys-Asp His His Ser Gly Asp Tyr Lys His Phe Arg Glu Trp Gly Ser His Ala 
SAI (В) Gln-Tyr-Pro-Gly-Tyr-Arg-Gly-Tyr-Gln-Tyr-Ile-Leu-Glu-Cys-Asp H1s-H1s-Gly-Gly-Asp Tyr Lys Hts Trp Arg Glu Trp Gly Ser His Ala 
-Τ 
-С — С ^ — — с — · 
ВАЗ (0) Glfi-Tyr-Pro-Gly-Tyr-Arg-Gly-Tyr-Gln-Tyr-Ile-Leu-Glu-Cys-Asp-Hts-Hls Gly Gly Asp Tyr Lys His Trp Arg Glu Trp Gly Ser His Ala 
-Τ Τ — · 
-С . — с — — С — · 
17$ ISO ISS 190 195 200 
BB! Phe Gin Pro Gin Het Gin Ala Val Arg Arg Leu Arg Asp Arg Gin Trp Hts Arg Glu Gly Cys Phe Pro Val Leu Ala Ala Glu Pro Pro Lys OH 
С — С — • С . 
ЗВЗ (А) Gln,Gln,Pro,G1n,Leu,Gln,Ser,Val)Arg Arg Me Arg Asp Gin lys Trp Hts Lys Arg Gly-Val-Phe-Leu Gly-Ser Ser-OH 
— Τ ' Τ — — Τ — Τ -i Τ 
Τ '
—
'
 7 — 7
~
,
~
7
~
τ 
виг (С) Gin Thr Gly Gin Leu Gin Ser I l e Arg Arg-Val-Gln-Hts-OH 
-Τ Τ 
— e 
ВД4 (E) Gin Thr Phe Gin Val Gin Ser I l e Arg Arg I l e Gin Gin OH 
Τ — Τ 
. С С . — 
BAI (В) Gin Thr Ser Gin Ile Gin Ser Ile Arg Arg Ile Gin Gin OH 
Τ . τ 
с . с -
ВАЗ (0) Gin Thr Ser Gin H e Gin Ser I l e Arg Arg I le Gin Gin OH 
peptide of the A-chain has been sequenced by dansyl-Edman degradation. 
For some large peptides it is difficult to faithfully place the residues 
on basis of homology, because the only information of these parts of the 
chain is derived from tryptic peptides. These peptides are given in brackets 
in Fig. 2 and in lower cast letters in Fig. 3. 
The elution patterns of the CNBr-fragments of chains С and E are quite 
similar (Fig. 5), and suggest that they both possess only a single internal 
methionine. For these chains the sequence information is restricted to C_ 
and E-,, while both С and E were found to be N-terminally blocked. Although 
all four fragments seemed to be electrophoretically pure and enzymatic 
digestions were carried out on them (Tables 4, 5, 6 and 7), we were not able 
to faithfully place most of the peptides of C. and E. in a sequence. As 
non-aminoethylated E- was used for sequence analysis, the Cys-residues present 
in E_ had to be confirmed by enzymatic digestion of aminoethylated E (Tables 
6 and 7). The C-terminus of chain С was determined by the dansyl-Edman 
procedure, while the C-terminus of chain E, as judged by peptide analysis, 
was similar to that of murine ¡323 (Fig. 2). 
Chains В and D also have a rather similar elution pattern of their 
CNBr-fragments (Fig. 5). Fragments В , D , В and D
c
 were subjected to liquid 
2 ζ о D 
phase sequencing, and B_, D and D^ to the dansyl-Edman procedure. We did not 
succeed in purifying B^ and D , and obtained only very little material of В 
and D., which again is probably due to the presence of Met-Ser bonds 
connecting these fragments. Monitoring at 206 ran was necessary for a good 
detection of В , D. and D-. Fragments B. and D were further purified by paper 
electrophoresis. While the whole chains В and D appeared to be N-terminally 
blocked upon liquid phase sequencing, like the other 3-subunits, the fragments 
В , D and D were all found to have free N-termini. As no additional 
fragments could be detected, this suggests that chains В and D start with a 
blocked methionine, which is lost after CNBr-treatment and leaves B. and D. 
unblocked. Like in chain ßBj (21) there is an acid-labile Asn-Pro bond 
present in В and D (residues -9 and -8), resulting in the appearance of a 
peptide Pro-Hse after CNBr-cleavage. All sequence information, obtained by 
liquid phase sequencing (Fig. 2) and enzymatic digestions of the CNBr-fragments 
of В and D (Tables 8, 9, 10, 11, 13 and 14), strikingly revealed that chains 
В and D are completely identical, apart from the fact that chain D is 17 
residues longer than В at the N-terminus (D ). When the bovine chains В and 
D are compared with murine ß23, again starting from residue 1, only the 
following 5 substitutions were observed: at position 1 Ile-Trp, 2 Gln-Lys, 
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98 Asn-Ile, 125 Phe-Pro and at 167 Pro-Arg. This corresponds to a sequence 
homology of almost 96% between these chains. Also considering the similar 
lengths of the chains it can be assumed that chain В is the bovine homologue 
of murine 623. 
DISCUSSION 
The partial sequence determinations of the major g-crystallin subunits, 
presented in this paper, allow us to answer the questions concerning the 
sequence relationships among these chains and the structures of the N- and 
C-terminal extensions, which are the major distinguishing characteristics 
as compared to the γ-crystallins. In addition to the previously reported 
sequence of BBp (5) we now have characterized major parts of the sequences of 
six other primary gene products in bovine ß-crystallin: ßBla, А, В, С, D and 
E, including all C-terminal sequences and the N-termini of four of them. 
It is now definitely proven that BBla gives rise to ßBlb by posttranslational 
modification, i.e. removal of an N-terminal sequence (21). Also chain С was 
supposed to be a product of posttranslational modification, because it is 
not synthesized by calf lens polyribosomes in rabbit reticulocyte lysates 
(2). The sequence of С now clearly shows that it is a gene product, which is 
distinct from the other ß-chains, and possibly represents a ß-crystallin gene 
that already has ceased to be transcribed in the calf lens cortex. 
Remarkable is the fact that chains В and D are identical as far as their 
sequences are elucidated now, apart from the presence in D of 17 additional 
residues at the N-terminus. Both chains are very effectively and instantaneously 
synthesized in the reticulocyte cell-free system (2), proving that В is not 
a degradation product of D,and suggesting that both chains are translated 
from different mRNA's which are possibly transcribed from one gene. 
Differential splicing of the primary transcript of this gene might give rise 
to the mRNA's for chains В and D; the mRNA for В having lost the initiation 
codon used for translation of chain D, and thus forced to use the next AUG 
in the mRNA sequence (corresponding to residue -13 Met in chain D) for 
initiation. Independent evidence that chains В and D are the products of 
a single gene has come from cDNA cloning experiments (M.B. Gorin and J. Horwitz, 
unpublished data). A similar situation may well exist in chicken ß-crystallins 
(4). 
79 
CD 
О 
OX βΒ2 
OX BBIa 
OX ввіь 
OX ВВЗ 
OX BAI 
OX βΑ3 
MOUSE 623 
ох ев2 
ох вві 
ох ввз 
ОХ SAI 
ОХ ВАЗ 
MOUSE β23 
ΟΧ βΒ2 
ΟΧ βΒΙ 
ΟΧ ввз 
ΟΧ βΑ2 
ΟΧ BAH 
ΟΧ BAI 
ΟΧ ВАЗ 
MOUSE ваз 
N-ARM Ac.ASNHETQAGKPQPLN-
N-ARM X.szpaaKtsaaaAVNPCPDGKGKACPPPGPAPCSCPAPAPAPAPAQPAPAKAELPPGS-
N-ARM AVNPGPDGKGKAGPPPGPAPGSGPAPAPAPAPAQPAPAKAELPPGS-
X.aeqhSTPZZAAAGKSHGGLGGGS-
N-ARM X.AQTNPMPGSVGP-
N-ARM X.ETQTVQQELESLPTTKMAQTNPMPGSVGP-
N-ARM MLYLVLFLVPFNS-
-PKIIIFEQENFHGHSQELBP GBPCLKETGVE 
-ÏKLVVFEQENFQGRRVEFSG ECLNLGDRGFE 
-ÏKivVYEMENFQGKRSELTA ECPNLTEALLE 
-WKITIYDOENFQGKRM> 
-WKITIÏDQENFQGKRM> 
-IQITIÏDQENFQGKRMEFTS SCPNVSERNFD NVRSLKVECGAWIGYEHTSFCGQQFILER 
KAGSVLVQAGPWVGYEQANCKGEQFVFEK 
RVR> <VAFEQSNFRGEMFVLEK 
KVGSIQVESGPWLAFEqRAFRGEQYVLEK 
-WHQRGAFHPSS C-ARM 
-WHREGCFPVLAAEPPK C-ARM 
-WHREGCFPVLAAEPPK C-ARM 
-WHKRGVFLGSS C-ARM 
»» » » 
GEYPRWDSWTSS RRTDSLSSLRPIKVDSQ E-
GEYPRWDTWSSS YRSDRLMSFRPIKMDSQ E-
GDYPRwdawngs hhqdnlsslrpiKIDGHPD-
<MSFRPICSANHKE-
<MSFRPICSANHKE-
GEYPRWDAWSGSNAYHIERLMSFRPICSANHKE-
« »«»»» » « « « ««« 
i,,. ...
 it.i 1M j 
-HKITLYÊNPNFTGKKMEVIDDDVPSFHAHGYQE KVSSVRVQSGTWVGYQYPGYRGLQYLLEK GDYKDSGDFG 
-HKLCLFEGANFKCNTMEIQEDDVPSLWVYGFCD RVGSVRVSSGTWVGYQYPGYRGYQYLLEP GDFRHWNEWG 
-HKlglfehpnfagRKMEIVDDDVPSLWAHGFQD RVASVRAINGTWVGYEFPGYRGRQYVFER GEYRhuddwd 
<MGWASKDVGSLKVSSGAWVAYQYPGYRGYQYVLERDHHSGEFRNYSEFGTH 
<MGWDGNEVGSFHVCSGAWVCSQFPGYRGFQYVLECDHHSGDYKHFREWGSH 
-SKITIFEKENFIGRQWEIC DDYPSLQAMGWPNNEVGSMKIQCGAWVCYQYPGYRGYQYILECDHHGGDYKHWREWGSH 
-SKITIFEKENFIGRQWEIC DDYPSLQAMGWPNNEVCSMKIQCGAWVCYQYPGYRGYQYILECDHHGGDYKHHREWGSH 
-SKITNFEKENFIGRQWEIC DDYPSLQAMGWFNNEVGSMKIQCGAWVCYQYPGYRGYQYILECDHHGGDYKHWPEWGSH 
• · · · · > · > · * · » « »« ·»·*· >· » « 
AP QPQVQSVRRIRDMQ-
AF QPQMQAVRRLRDRQ-
aq qpqlqsvRRIROQK-
AQ TGQLQSIRRVQH 
AQ TFQVQSIRRIQQ 
AQ TSQIQSIRRIQQ 
AQ TSQIQSIRRIQQ 
AQ TSQIQSIRRIQQ 
OX BBp 
OX BBIa 
ОХ ВВІЬ 
OX A 
OX В 
OX D 
MOUSE 623 
OX BBp 
OX BB1 
OX A 
OX В 
OX D 
MOUSE 623 
OX BBp 
OX BBI 
OX A 
OX С 
OX E 
OX В 
OX D 
MOUSE 823 
Rtg. 3: Optimal alignment of the bovine ß-crystalline chains and murine 823 (7). In the upper part the N-
and C-terminal extensions of the different 8-chains are presented, in the middle part the N-terminal 
domains and in the lower part the C-terminal domains. The residues which could not be faithfully 
placed in the sequences are given in lower cast letters, all other residues are in capital letters. 
The ß-chains are indicated by the old provisional nomenclature at the right (2) and by the new 
definitive nomenclature at the left. Residues which are conserved in the sequences of the ß-chains, 
as far as they are determined, are marked by an asterisk. The essential residues for maintaining the 
tertiary structure (14) are marked by an arrow. Gaps are introduced to optimize the alignment» empty 
positions demarcated by < or > indicate parts of the polypeptides which have not yet been sequenced; 
= indicates that the sequence is continued on another line. 
The sequence homology between the different B-chains is shown in 
Fig. 3. When the homology is calculated over the domain structures alone 
(positions 1-188), excluding the N- and C-terminal extensions, it is not 
less than 40% among the ß-chains and between 30% and 35% as compared with 
γ-ΙΙ (Table 15). Thus it is clear that a similar tertiary structure will be 
Mouse 623 
βΒ2 
ßBl 
ВВЗ 
BAI/ВАЗ 
BA2 
BA4 
γ-ΙΙ 
Mouse β23 
100.0 
42.5 
47.5 
46.8 
95.9 
63.1 
75.4 
30.3 
BBp 
42.5 
100.0 
57.4 
56.4 
45.9 
43.1 
46.2 
31.7
 t 
BBl 
47.5 
57.4 
100.0 
60.0 
47.5 
49.2 
44.6 
32.2 
A 
46.8 
56.4 
60.0 
100.0 
46.7 
43.1 
40.0 
33.9 
B/D 
95.9 
45.9 
47.5 
46.7 
100.0 
63.1 
76.9 
35.5 
С 
63.1 
43.1 
49.2 
43.1 
63.1 
100.0 
63.1 
35.4 
E 
75.4 
46.2 
44.6 
40.0 
76.9 
63.1 
100.0 
33.8 
γ-ΙΙ 
30.3 
31.7 
32.2 
33.9 
35.5 
35.4 
33.8 
100.0 
TabZe. IS: The percentage of homology between the bovine B-crystallins, 
murine 623 and bovine γ-ΙΙ, calculated over the domain structures 
alone, as visualized in Fig. 3. Excluded are the N- and C-terminal 
arms, unknown parts of the sequences and gaps introduced to obtain 
optimal alignment of the N- and C-terminal domains of the B-chains. 
Included are the gaps introduced on basis of homology between the 
sequences of the B-crystallins. 
preserved in the domains of the different B-chains. There seem to exist 
certain very conservative areas in the sequences, specific for each domain: 
residues 59-72 in the N-terminal domain and residues 137-155 in the C-terminal 
domain. Both domains also contain corresponding conserved regions: residues 
7-17 and 79-86 in the N-terminal domain; 100-110 and 177-184 in the C-terminal 
domain. These areas probably reflect the rigid requirements of the 3-di-
mensional structure of the domains of B-crystallins. It is clear that 
essential residues for maintaining the tertiary structure (14) are invariably 
present in all chains (Fig. 3), except one: at position 180 serine is 
substituted by alanine in the BBl-chain. This substitution may have in­
teresting implications for the tertiary structure of 6ВІ. 
The sequence differences between the 6-crystallin chains (Table 15) 
allow some deductions about the evolutionary history of this protein family. 
The B-chains which are homologous in bovine and rodents show 4% (bovine В 
versus mouse 623) and 5% (bovine BBl versus rat 6ВІ) sequence difference. 
Considering that the ancestors of rodents and ox diverged approximately 
60 χ 10 6 years ago (24), one can calculate an average rate of evolutionary 
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change for these ß-chains of approximately 4 substitutions per 100 residues 
in 100 million years, which is almost equally slow as that of the a-crystallin 
A chain: 3% per 100 million years (24). This slow rate of evolution of the 
ß-crystallins is in agreement with previous immunological and electrophoretic 
results (25, 26, 27). 
The fact that all ß-chains show approximately the same degree of 
difference as compared to the distantly related γ-11-crystallin chain (Table 
15), indicates that these ß-chains have all evolved at about the same rate. 
The sequence differences among the bovine ß-chains (between 23% and 60%) 
thus suggest divergence times, since the gene duplications leading to these 
chains, of at least 300 χ IO6 years ago. It is therefore likely that a 
homologous set of ß-chains will be present in all mammals, birds and 
reptiles, and even to a great extent in amphibians and fishes, because the 
earliest divergence of vertebrate classes occurred approximately 400 χ 10° 
years ago (24). unlike in haemoglobin and many other proteins it does not 
appear that the ß-crystallin genes have undergone recent duplications giving 
rise to closely similar ß-chains. 
The alignment shown in Fig. 3 and the sequence differences tabulated 
in Table 15 also clearly reveal that the ß-subumts can be placed in two 
groups. One group, comprising βΒΙ, ßBp and A, with more than 56% sequence 
homology, is characterized by the presence of a C-terminal arm and several 
characteristic gaps. The other group comprises chains C, Ε, В and D, which 
have over 63% homology, and all lack a C-terminal extension. It is clear 
that mouse 623 belongs to the latter category. On this basis we would like 
to introduce now a definitive, rational nomenclature for the primary gene 
products of bovine ß-crystallin. The first group, generally being more basic, 
is indicated by B, followed by a number in the order of decreasing isoelectric 
point, in accordance with the criteria given by Ramaekers et al. (28). The 
second group, generally being more acidic, is indicated by A in a similar way. 
The new nomenclature is already indicated in all figures and in Table 15, 
and it is also illustrated on a 2-dimensional gel of the total water-soluble 
proteins from calf lens cortex (Fig. 4). The minor components of ß-crystallin 
have not yet been named, but since most of them probably result from post-
translational modification, their nomenclature can be straight-forward, like 
in the case of ßBla giving rise to ßBlb. 
The N-terminal extensions of the ß-crystallins are very intriguing. 
In contrast to the well-conserved domain sequences the N-terminal extensions 
of the bovine ß-crystallins exhibit no sequence similarity whatsoever: each 
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F^g. 4: Two-dimensional gel electrophoretic pattern of the total water-soluble 
proteins from calf lens cortex. The primary gene products of 
ß-crystallin are indicated by the new nomenclature. 
chain possesses a characteristic N-terminal region. But also the highly 
homologous chains murine 623 and bovine βΑΐ (В) do not exhibit any homology 
in their N-terminal extension. The homology in the N-arm of the bovine BEI 
chain, compared to the now known 22 residues of the N-arm of rat gBl (9) 
seems to be restricted to the tryptic peptide -7/+1 and further to the more 
or less alternating prolines in these regions. One wonders whether the 
considerable conservation of the domain sequences, combined with the lack 
of sequence similarity in the N-terminal extensions reflects the loss of 
functional constraints on these extensions during evolution, or rather 
results from adaptive evolutionary processes tailoring the N-terminal arms 
to the specific requirements of crystallin interactions in the eye lens. 
The latter seems more logical because the ß-crystallins display a rather 
complicated aggregation behavior, which moreover differs from species to 
species (2, 26, 27, 28). Terminal regions in many proteins are commonly 
involved in the contacts between domains and subunits (29) and the N-terminal 
arm of ßBp is indeed implicated in dimer formation (30). Also interactions 
with cytoskeleton and plasma membrane may demand a variety of available 
extensions. This might be the reason why ß-crystallin homologues like bovine 
βΑΐ (В) and mouse ß23 are provided with entirely different N-terminal arms. 
8J 
ACKNOWLEDGEMENTS 
We are grateful to Marlies Versteeg for performing the numerous amino 
acid analyses, to Ruud van den Bos for elucidating the sequence of D , to 
Jack Leunissen for the computer comparison of the protein sequences (Fig. 3 
and Table 15) and to Gerrit Groenewoud for some technical assistance. We 
wish to thank Claus Krombach, Barbara Schrank, Erna Müller and Lucia Göszl 
for their excellent work at the liquid phase sequenators and sequence 
analyses. Also we would like to express our appreciation to Johan den Dunnen 
for the sequence information of the ßBl-crystallin of the rat. 
G.A.M.B. acknowledges a FEBS short-term fellowship. This investigation was 
carried out under the auspices of the Netherlands Foundation for Chemical 
Research (SON) with financial aid from the Netherlands Organization for the 
Advancement of Pure Research (ZWO). 
84 
REFERENCES 
1. Bloemendal, H. (Ed.) (1981) Molecular and Cellular Biology of the Eye Lens, 
John Wiley & Sons, New York. 
2. Berbers, G.A.M., Boerman, O.C., Bloemendal, H. and de Jong, W.W. (1982), 
Eur. J. Biochem. 128, 495-502. 
3. Bindeis, J.G., Koppers, Α. and Hoenders, H.J. (1981) Exp. Eye Res. 33, 
333-343. 
4. Hejtmancik, J.F. and Piatigorsky, J. (1983) J. Biol. Chem. 258, 3382-3387. 
5. Driessen, H.P.C., Herbrink, P., Bloemendal, Η. and de Jong, W.W, (1981) 
Eur. J. Biochem. 121, 83-91. 
6. Inana, G., Shinohara, T., Maizel, J.V. jr. and Piatigorsky, J. (1982) 
J. Biol. Chem. 257, 9064-9071. 
7. Inana, G., Piatigorsky, J., Norman, В., Slingsby, C. and Blundell, T. 
(1983) Nature (Lond.) 302, 310-315. 
8. Dodemont, H.J., Andreoli, P.M., Moormann, R.J.M., Ramaekers, F.С.S., 
Schoenmakers, J.G.G. and Bloemendal, H. (1981) Proc. Natl. Acad. Sci. USA 
18, 5320-5324. 
9. den Dunnen, J.T., Moormann, R.J.M., Bloemendal, H. and Schoenmakers, J.G.G. 
(1983) Nucí. Acids Res. (In the press). 
10. Croft, L.R. (1972) Biochem. J. 128, 461-470. 
11. Moormann, R.J.M., den Dunnen, J.T., Bloemendal, H. and Schoenmakers, J.G.G. 
(1982) Proc. Natl. Acad. Sci. USA Tjb 6876-6880. 
12. Tomarev, J.S., Krayev, A.S., Skryabin, K.G., Mayev, A.A. and Cause, G.G. 
jr. (1982) FEBS Lett. 146, 315-318. 
13. Blundell, T., Lindley, P., Miller, L., Moss, D., Slingsby, C., Tickel, E., 
Turnell, B. and Wistow, G. (1981) Nature (Lond.) 281, 771-777. 
14. Wistow, G., Slingsby, С , Blundell, T., Driessen, H.P.C., de Jong, W.W. 
and Bloemendal, H. (1981) FEBS Lett. 133, 9-16. 
15. Herbrink, P. and Bloemendal, H. (1974) Biochim. Biophys. Acta 336, 
370-382. 
16. Laemmli, U.K. (1970) Nature (Lond.) 227, 680-685. 
17. O'Farrell, P.H. (1975) J. Biol. Chem. 250, 4007-4021. 
18. Edman, P. and Begg, G. (1976) Eur. J. Biochem. l_, 80-91. 
19. Braunitzer, G., Schrank, В., Stangl, A. and Scheithauer, U. (1978) 
Hoppe-Seyler's Ζ. Physiol. Chem. 359, 137-146. 
20. Pfletschinger, J. and Braunitzer, G. (1980) Hoppe-Seyler's Ζ. Physiol. 
Chem. 361, 925-931. 
85 
21. Berbers, G.A.M., Hoekman, W.A., Bloemendal, Η., de Jong, W.W., Kleinschmidt, 
T. and Braunitzer, G. (1983) FEBS Lett. 161, 225-229. 
22. Gray, W.R. (1972) Methods Enzymol. 25, 333-344. 
23. Schroeder, W.A., Shelton, J.B. and Shelton, J.R. (1969) Arch. Biophys. 
Biochem. 130, 551-556. 
24. de Jong, W.W., in: Molecular and Cellular Biology of the Eye Lens 
(H. Bloemendal, Ed.) (1981) John Wiley & Sons, New York, pp. 221-278. 
25. Ostrer, H. and Piatigorsky, J. (1980) Exp. Eye Res. 3£, 679-689. 
26. Zigler, J.S. and Sidbury, J.B. (1977) Ophthalmic Res. £, 92-99. 
27. Ramaekers, F.C.S., van Kan, P.L.E. and Bloemendal, H. (1979) Ophthalmic 
Res. П_, 143-153. 
28. Ramaekers, F.C.S., Dodemont, H., Vorstenbosch, P. and Bloemendal, Η. 
(1982) Eur. J. Biochem. 128, 503-508. 
29. Thornton, J.M. and Sibanda, B.L. (1983) J. Mol. Biol. 167, 443-460. 
30. Berbers, G.A.M., Brans, A.M.M. , Hoekman, W.A., Slingsby, C , Bloemendal, Η. 
and de Jong, W.W. (1983) Biochim. Biophys. Acta 748, 213-219. 
31. Offord, R.E. (1966) Nature (Lond.) 211, 591-593. 
86 
Supplementary material 
HOMOLOGY BETWEEN THE PRIMARY STRUCTURES OF THE MAJOR BOVINE ß-CRYSTALLIN CHAINS 
G.A.M. Berbers, W.A. Hoekman, H. Bloemendal, W.W. de Jong, T. Kleinschmidt 
and G. Braunitzer 
Absorban« al 2Θ0 nm 
2 O-i 
Т-Ід. 5: Gel filtration patterns of 
the CNBr-fragments of the 
different ß-chains on a 
Sephadex G-50 sf column in 
5% acetic acid at a flow 
rate of 6 ml/h. 
180 200 220 
Eluttort volume 
General legens to the tables: 
Purification procedures are: 
A: Gelfiltration of Sephadex G-50 sf and Sephadex G-25 sf 
B: Peptide mapping 
C: High-voltage paper reelectrophoresis at pH 3.8 
Charges of peptides are estimated from the electrophoretic mobility at pH 6.5 
(31). No yields are given when only purification procedure A was performed. 
No correction was'made for the partial breakdown during hydrolysis of Thr, 
87 
Ser and AeCys, and xn the latter case values are only given when this 
breakdown was not too high. Low values of Val and lie are due to incomplete 
cleavage of their peptide bonds after 22 h hydrolysis and are not corrected. 
N-terminally blocked peptides (indicated by a) were detected by staining 
with 4,4'-tetramethyl-diaminediphenylmethane (TDM). 
Table 1 
Residues 
nunber 
«mino «cid ««positions of the tryptlc peptides of the CNBr-frijwnts 
CB1, CB2, CB3. CB4, CBS and CB6 of t i l 
CB1 
-57/ - 5 1 / -46/ -43/ -37/ 35/ -7/ 3/ 16/ 29/ 33/ 53/ 
-52 -38 -38 -38 -36 -8 »2 14 28 32 34 55 
Asp 
Thr 
Ser 
Glu 
Pro 
Gl y 
Ala 
Val 
Hse 
I le 
Leu 
Tyr 
Phe 
His 
AeCys 
Lys 
Ars 
Trp 
Puri f 
yield ( I ) 
Charge 
tos.dues 
пиЛег 
Asp 
Ihr 
Ser 
Glu 
Pro 
Gly 
Ala 
Val 
Hse 
I I · 
Leu 
Туг 
Phe 
Hls 
AeCys 
Lys 
АГ9 
Trp 
0 8 
0 9 
1 1 
г ι 
1 0 
ABC 
18 
0 
56/ 
60 
1 0 
0 8 
1 0 
1 0 
1 0 
2 1 
0 9 
1 0 
2 I 
г ι 3 9 
0 9 
0 9 
ABC 
21 
0 
61/ 
65 
1 1 
1 1 
1 0 
0 9 
0 9 
1 8 
2 2 
2 2 
1 0 
0 β 
1 1 
AB 
19 
0 
ce; 
66/ 
76 
1 0 
1 1 
2 7 
1 0 
1 0 
+ 
1 0 
1 в 
2 1 
1 0 
А8 
16 
0 
:-з 
77/ 
79 
1 0 
1 0 
1 0 
1 0 
1 0 
AB 
46 
»1 
80/ 
BI 
+ 
I 0 
1 0 
1 0 
12 5 
4 0 
9 4 
1 0 
A8 
23 
f i 
80/ 
68 
0 9 
0 8 
1 0 
1 0 
1 0 
0 8 
I 1 
1 0 
0 β 
0 9 
2 0 
1 ? 
1 1 
1 2 
0 9 
1 0 
ABC 
24 
0 
96/ 
97 
1 0 
0 7 
1 0 
3 7 
1 ? 
1 3 
0 » 
1 S 
1 1 
AB 
4 
-1 
2 0 
1 1 
2 2 
? ? 
1 0 
? 0 
1 0 
• 
1 1 
AB 
4 
-1 
CM 
96/ 
105 
+ 
9β/ 
105 
1 0 
1 0 
1 0 
1 1 
1 0 
1 9 
1 0 
0 9 
1 0 
1 0 
I 0 
ABC 
43 
0 
106/ 
109 
1 η 
1 0 
ι 0 
* 
1 0 
1 0 
AS 
41 
• 1 
1 0 
1 0 
f 
AB 
29 
-1 
CBS 
no/ 
125 
2 3 
0 β 
3 1 
1 0 
1 9 
? ? 
1 1 
1 ? 
1 0 
1 0 
* 
+ 
ПО/ 
12В 
3 0 
0 7 
? 9 
1 0 
1 8 
2 0 
1 1 
1 0 
1 0 
0 9 
« 
1 2 
+ 
Purl f 
Yield (») 
Charse 
Residues 
number 
AB 
5 0 
0 
129/ 
133 
AS AB 
47 33 
0 0 
CB5 
134/ 149/ 
148 164 
AB 
38 
0 
165/ 
178 
AB 
9 
0 
179/ 
182 
AB 
1 6 
• 1 
183 
AB 
3 0 
»1 
183/ 
185 
AB 
6 
• 1 
CB6 
184/ 
185 
AB 
40 
0 
186/ 
187 
AB 
SO 
0 
186/ 
191 
AB 
6 
- 3 
192/ 
204 
AB 
S 
- 3 
Asp 1 1 1 1 1 0 
Thr 0 8 
Ser 0 9 1 8 
Glu 1 1 1 9 2 9 0 9 0 9 1 9 
Pro 0 8 0 8 1 0 3 1 
Gly 1 2 3 1 2 2 1 0 1 0 
Ala 1 2 1 1 2 2 
Val 1 9 1 9 1 0 1 1 
Hse < 
Ile 
Leu 2 0 1 0 1 0 1 0 
Tyr 2 5 1 8 
Phe 1 1 1 0 1 0 
His 0 8 1 0 
AeCys 0 8 
Lys 1 0 
Ara 1 1 l 0 1 1 1 1 1 0 2 0 1 0 1 0 1 1 
Trp + t • 
Puri f 
Yield ( I ) 
Charge 
AB 
42 
•1 
AB 
15 
»1 
AB 
30 
0 
AB 
35 
0 
AB 
10 
»1 
AB 
30 
•1 
AB 
В 
•2 
AB 
35 
»1 
AB 
40 
0 
AB 
17 
•2 
AB 
35 
0 
88 
Afflino «cid compositions of the chynotryptlc peptides of the CMr-
frigments CB1. CBZ, C1J, CB4, CBS and CBS of SBl 
Kesidues -57/ - « / 2/ 11 4/ 7/ l ì / 19/ 24/ 44/ 44/ 47/ S2/ 57/ 
number -47 »1 3 6 6 11 18 23 30 46 51 51 55 69 
Asp 
Thr 
Ser 
Glu 
Pro 
Sly 
Д1« 
Val 
Hse 
He 
Leu 
Tyr 
Phe 
His 
AeCys 
Lys 
»rs 
Trp 
0 9 
2 0 
1 2 
1 0 
5 2 
1 1 
2 1 
1 8 
2 0 
16 7 
8 0 
11 8 
1 1 
1 0 
1 0 
3 1 
1 0 
1 0 
1 s 
1 0 
1 β 
0 9 
1 3 
1 0 
I 1 
2 9 
1 0 
1 8 
1 2 
0 9 
0 » 
2 1 
0 9 
1 η 
1 7 
1 0 
+ 
1 9 
2 2 
1 0 
0 9 
1 0 
1 1 
0 9 
0 9 
1 1 
1 0 
1 9 
0 9 
1 0 
2 0 
1 ? 
1 0 
1 s 
1 0 
1 2 
1 1 
1 0 1 8 
1 1 
i l i o 
0 9 
t 
1 0 
0 9 
0 9 
0 8 1 1 
+ 
Pun f 
Yield ( I ) 
Otarse 
AB 
20 
0 
A· 22 
•1 
At 
3 
•1 
Al Ш 
β 6 
«1 0 
AB 
36 
•г 
AB 
20 
• 1 
AB 
18 
0 
AB 
28 
О^ 
AB 
10 
0 
AB 
20 
-1 
AB 
8 
1 
AB 
48 
0 
AB 
-' 
Residues 
пмЬег 
Asp 
Thr 
Ser 
61 и 
Pro 
Gly 
Ale 
Val 
Hse 
I l e 
Leu 
lyr 
Phe 
His 
AeCys 
Lys 
Ars 
Irp 
70/ 
75 
2 7 
1 0 
76/ 
80 
1 1 
0 8 
1 0 
2 0 
81/ 
83 
1 0 
• 
1 0 
84/ 
88 
0 9 
» 1 0 
0 9 
1 0 
89/ 
94 
1 0 
2 1 
1 0 
0 8 
95/ 
« 
1 0 
0 9 
97/ 
99 
1 0 
0 9 
* 
IX/ 
104 
1 1 
0 9 
1 0 
1 0 
0 9 
105/ 110/ 
109 120 
1 0 2 0 
1 0 
0 9 
3 1 
1 0 
1 0 
0 9 
+ 
1 0 
1 0 
0 9 
+ 
121/ 
122 
1 0 
1 0 
123/ 
124 
1 0 
1 0 
125/ 134/ 
133 139 
0 8 
1 0 
1 1 1 6 
1 1 1 0 
2 0 0 9 
0 β 
1 9 
+ 
Puri f 
Vield (S) 
Charge 
AB 
36 
0 
AB 
28 
»1 
AB 
10 
0 
AB 
22 
•2 
A8 
44 
-1 
AB 
19 
»1 
AB 
13 
»1 
AB 
44 
"· 
AB 
27 
•1 
AB 
22 
-4 
AB 
27 
0 
AB 
5 
0 
AB 
10 
•2 
AB 
7 
0 
Residues 
number 
Asp 
Ihr 
Ser 
Glu 
Pro 
Gl, 
Ala 
val 
Hse 
I l e 
Leu 
Туг 
Ph. 
His 
AeCys 
Lys 
«ТВ 
Tr» 
140/ 
142 
1 1 
1 0 
0 9 
143/ 
147 
I 0 
1 0 
1 1 
1 β 
140/ 
150 
1 0 
1 0 
1 0 
ISl/ 
152 
1 0 
0 8 
153/ 
163 
0 9 
1 1 
1 1 
1 1 
1 9 
1 0 
164/ 
166 
1 0 
1 0 
• 
167/ 
169 
I 0 
1 0 
• 
170/ 
178 
2 1 
0 9 
0 9 
1 2 
+ 
1 0 
175/ 
17) 
2 0 
0 9 
t 
183/ 
184 
0 9 
1 0 
135/ 
109 
1 1 
0 9 
1 9 
• 
199/ 
204 
0 9 
? 1 
? Л 
0 9 
fcrif. 
H e l d ( I ) 
Char* 
AB 
41 
0 
AB 
45 
0 
AB 
45 
•1 
AB 
23 
0 
AS 
24 
-2 
AB 
18 
•2 
AB 
17 
-1 
AB 
27 
0 
AB 
12 
0 
AB 
12 
• 1 
AB 
β 
• l 
AB 
24 
0 
89 
Teble 3 Amino acid composittons of the t r y p t i c peptides of the CHBr-fragment s 
» , A? and ДЗ 
Residues 
number 
«sp 
TJir 
Ser 
Glu 
Pro 
C'y 
«la 
Cys 
Val 
Hse 
t i e 
Leu 
Туг 
Phe 
His 
Lys 
АГ9 
Trp 
гз/ 
10 
0 9 
0 i 
4 0 
1 1 
1 1 
3 i 
0 9 
0 9 
«1 
-9/ 
•г 
1 9 
4 β 
1 1 
1 1 
1 0 
1 0 
3/ 
8 
1 1 
г о 
• 
0 8 
1 0 
9/ 
14 
1 0 
2 0 
1 1 
0 9 
1 0 
15 
1 0 
15/ 
зг 
1 1 
1 9 
1 1 
4 ? 
0 9 
1 β 
4 0 
1 0 
ι α 
«г 
16/ 
зг 
1 1 
1 9 
0 8 
3 8 
0 8 
1 6 
4 г 
1 1 
33/ 
49 
1 ? 
3 4 
1 1 
г о 
ι г 
1 9 
1 0 
ι о 
1 1 
1 0 
* 
50/ 
52 
1 0 
1 0 
1 0 
53/ 
50 
? 9 
1 1 
1 0 
1 0 
0 9 
1 0 
Pun f 
yield (S) 
Charge 
Residues 
пінЬег 
AB 
44 
- 1 
61/ 
65 
«в 
22 
.2 
66/ 
87 
«в 
20 
«2 
tí 
№ 
36 
0 
96/ 
107 
AB 
51 
« 1 
108/ 
109 
«в 
13 
-2 
110/ 
128 
AB 
4 
-3 
129/ 
133 
«в 
21 
-1 
A3 
134/ 
148 
AB 
38 
• 1 
149/ 
ISO 
AB 
26 
- 1 
151/ 
156 
«sp 1 0 4 3 2 0 1 2 4 3 0 9 
Thr 1 1 
Ser 3 0 1 0 1 1 
Glu 12 09 20 09 20 
Pro 0 9 0 8 1 0 1 0 1 0 0 8 
Sly 1 1 1 0 1 1 2 1 10 3 2 1 0 
«la 11 12 1 1 1 0 0 9 
Val 18 2 0 1 0 0 9 
Hse « 
Ile 1 0 0 9 0 8 1 0 
Leu 2 0 1 8 1 0 
Туг 0 8 1 9 1 0 
Phe 2 0 1 0 0 9 1 0 
His 1 7 1 8 0 7 0 7 
Lys 0 8 1 1 1 0 
Arg 1 0 1 0 1 1 1 0 1 0 1 2 0 9 1 1 
Trp + • •* 
Purtf 
Yield (») 
Charge 
AB 
42 
0 
AB 
12 
»1 
AB 
8 
»1 
AB 
36 
• 1 
AB 
34 
. 1 
AB 
16 
-3 
AB 
39 
+1 
ABC 
S 
0 
AB 
46 
«1 
AB 
32 
0 
Residues 
number 
Asp 
Thr 
Ser 
Glu 
Pro 
Gly 
Ala 
Val 
I l e 
Leu 
Tyr 
Phe 
His 
Lys 
«Г9 
Trp 
161/ 
164 
1 0 
1 0 
1 0 
1 1 
165/ 
182 
3 3 
0 9 
3 9 
1 1 
1 0 
0 9 
1 0 
0 β 
1 0 
• 
183/ 
185 
0 9 
2 1 
184/ 
185 
0 9 
1 1 
A3 
184/ 
188 
1 0 
1 0 
0 β 
1 1 
1 0 
186/ 
188 
1 0 
0 9 
1 0 
189/ 
191 
0 9 
1 1 
+ 
189/ 
192 
0 8 
1 0 
ι г 
* 
193/ 
199 
1 S 
2 1 
1 1 
ι ι 
Purtf 
Yield ( I ) 
Charge 
AB 
44 
0 
«8 
24 
-1 
AB 
S 
•2 
«В 
14 
• 1 
AB 
12 
«1 
«В 
22 
0 
«В 
10 
• 2 
AB 
5 
•3 
ABC 
30 
0 
90 
Tibie 4 Amine acid compositions of the tryptic peptides of the CNBr-fragment C2 
Residues 
гняЬег 
*sp 
Tür 
Ser 
Glu 
Pro 
Cly 
«la 
Val 
I le 
Leu 
Туг 
Иіе 
His 
Lys 
»ч Trp 
Purl f 
Yield ( I ) 
Charge 
123/ 
127 
1 1 
1 0 
1 0 
0 9 
• 
«B 
21 
»1 
12«/ 
133 
1 1 
1 0 
I 2 
1 1 
1 0 
1 0 
«a 
40 
0 
134/ 
139 
1 3 
0 9 
1 1 
1 1 
* 
«a 
12 
0 
143/ 
148 
1 0 
0 9 
1 2 
1 ? 
1 1 
AB 
35 
t l 
149/ 
156 
1 9 
1 2 
1 0 
1 0 
1 s 
1 0 
и 
12 
0 
153/ 
156 
1 1 
1 0 
0 9 
1 1 
Ю 
10 
0 
157/ 
164 
1 0 
0 9 
1 0 
1 1 
1 0 
1 9 
1 1 
Ш 
40 
• 1 
165/ 
182 
0 9 
2 0 
2 0 
4 0 
2 1 
1 1 
0 9 
1 0 
0 8 
1 0 
1 1 
1 0 
«В 
27 
• 1 
183/ 
186 
1 0 
1 0 
0 9 
1 0 
«В 
14 
»2 
184/ 
186 
1 0 
0 9 
1 1 
«в 
21 
*1 
Table Ь «nino acid compositions of the chymotryptic peptides of the CrtBr-
fragment C2 
Residues 123/ 12S/ 133/ 140/ 143/ 140/ 151/ 153/ 155/ 164/ 167/ 170/ 180/ 183/ 
124 132 139 142 147 150 152 163 163 166 169 174 186 186 
»sp 
Thr 
Ser 
Glu 
Pro 
Gly 
Ala 
Val 
I le 
Leu 
Туг 
Ph· 
NU 
Lys 
Arg 
Trp 
1 0 
16 18 
10 11 
11 11 11 
10 10 10 
1 0 
1 0 
1 1 
0 9 17 1 0 10 
1 1 1 1 
19 19 
1 1 1 2 
0 9 
1 0 
1 0 
10 0 9 
17 19 
0 9 11 10 
0 9 
0 8 0 0 
10 0 9 11 10 
1 0 
1 1 
10 10 
1 0 
0 8 10 10 
2 0 10 
Puri f 
f ield (1) 
Charge 
AB 
29 
0 
AB 
21 
0 
A8 
16 
•1 
AB 
39 
0 
Ai 
43 
0 
AB 
50 
»1 
AB 
?S 
0 
AB 
?3 
0 
AB 
14 
0 
AB 
29 
»1 
AB 
15 
-1 
AB 
1? 
. 1 
AB 
14 
•3 
AB 
14 
•2 
Table 6 Amino acid compositions of the tryptic peptides of the CN8r fragment £2 
Residues 
number 
Asp 
Thr 
Ser 
Glu 
Pro 
Gly 
«la 
Val 
I le 
Leu 
Туг 
Phe 
His 
•eCys 
Lys 
Arg 
Trp 
Pun f 
Yield (») 
Charge 
123/ 
135 
1 9 
1 1 
1 1 
3 2 
2 1 
1 0 
0 9 
OB 
• 
«B 
12 
*1 
142/ 
148 
0 3 
1 0 
0 9 
1 2 
1 0 
1 0 
1 1 
•a 
25 
0 
149/ 
164 
2 0 
0 9 
2 1 
2 1 
1 0 
1 0 
1 6 
1 0 
2 0 
0 7 
1 0 
AB 
15 
•1 
165/ 
167 
ι 0 
1 0 
1 0 
AB 
40 
»2 
168/ 
182 
1 0 
2 0 
4 1 
1 1 
1 0 
1 1 
1 0 
0 9 
1 1 
1 0 
• 
«в 
27 
• 1 
183/ 
186 
1 9 
1 0 
1 0 
«В 
14 
•1 
184/ 
186 
2 0 
1 0 
«В 
40 
0 
91 
Table 7 taino «cid conpositlons of the ehyaotryptte peptides of the CMtr-
fragment 12 
Residues 123/ 133/ 140/ 142/ 148/ 1S1/ 153/ 164/ 167/ 170/ 173/ 177/ 180/ 133/ 
number 132 139 141 147 ISO 152 163 166 169 176 176 179 136 186 
ASP 
Ihr 
S«r 
Glu 
Pro 
Gly 
Ala 
Val 
I le 
Lau 
Туг 
Phe 
Hts 
AeCys 
lys 
Ars 
Trp 
г ι 
0 9 
1 0 
г 9 
1 1 
1 0 
* 
0 9 
ι г 
1 0 
0 β 
1 1 
0 « 
+ 
1 0 
0 8 
0 3 
t 1 
0 9 
1 1 
0 9 
1 0 
1 0 
1 0 
1 0 
1 0 
1 0 
г о 
ι ι 
ι ι 
ι ? 
0 9 
0 9 
1 0 
? 1 
• 
1 0 
1 0 
0 9 
1 0 
1 0 
+ 
1 0 
1 0 
1 1 
0 9 
1 1 
1 0 
о а 
0 9 
1 0 
1 0 
1 0 
0 8 
г о г ι 
1 0 
1 9 
г ι 
Purl f 
litu (г) 
»arse 
Ш 
г? 
-2 
AS 
19 
*г 
А> 
14 
»1 
АН 
іг 
0 
АН 
51 
»1 
АН 
« 0 
AB 
33 
0 
AD 
12 
•г 
«1 
33 
0 
AB 
3? 
• 1 
AB 
IS 
0 
AB 
30 
0 
AB 
13 
•г 
AB 
26 
»1 
Table 8 Aniño add conposHions of the tryptlc peptides of the CN8r-
fragments 84 and 86 
Residues 
nuaber 
Asp 
Thr 
Ser 
Glu 
Pro 
Gly 
Ala 
Val 
Hse 
He 
L»u 
Ту. 
Ρ he 
His 
AeCys 
lys 
Ars 
Trp 
82/ 
87 
0 8 
0 9 
0 9 
1 0 
0 8 
1 1 
88/ 
92 
1 0 
0 7 
1 0 
1 0 
1 0 
M 
93/ 
95 
1 0 
1 0 
1 1 
К/ 
101 
0 9 
1 1 
1 9 
1 0 
1 0 
102/ 
107 
1 1 
1 0 
1 1 
0 9 
0 9 
1 0 
108/ 
122 
2 1 
0 9 
3 ι 
1 0 
1 0 
+ 
0 9 
0 9 
0 7 
* 
* 
133/ 
135 
1 1 
1 1 
0 7 
1 0 
Вб 
134/ 
136 
1 0 
1 0 
0 7 
Purl f AB 
Yield (<) 7 
Charge · 2 
Residues 137/ 
number 141 
AB 
1 5 
. 2 
142/ 
148 
AB 
20 
0 
153/ 
1(4 
Al 
30 
0 
Bi 
155/ 
1(7 
AB 
30 
0 
158/ 
182 
AB 
1 0 
- 2 
183/ 
185 
AB 
8 
•2 
184/ 
186 
AB 
8 
•1 
Asp 
Thr 
Ser 
Glu 
Pro 
Gly 
Ala 
Val 
I l e 
Leu 
Tyr 
Phe 
Hls 
AeCys 
lys 
АГ9 
Trp 
1 0 
1 0 
1 0 
0 7 
* 
1 0 
1 0 
1 1 
2 ( 
0 9 
2 0 
1 0 
2 1 
1 0 
0 9 
0 9 
2 1 
• 
1 0 
0 7 
1 0 
• 
1 0 
2 6 
4 1 
1 1 
1 2 
2 0 
1 1 
1 0 
• 
Pur) f 
Yield ( i ) 
Charee 
AB 
10 
•1 
AB 
SO 
«1 
AB 
6 
t i 
AB 
30 
.2 
AB 
33 
•1 
AB 
13 
«1 
AB 
40 
0 
92 
Ttble 9 'nino «cid conposHIons of the ehyntotryptic peptides of the CNBr 
fragments 62 M and B6 
Residues 
umber 
Asp 
Ihr 
Ser 
Glu 
Pro 
Gly 
«la 
Val 
Hse 
l i e 
leu 
Tyr 
Phe 
His 
teCys 
Lys 
Ars 
Trp 
6/ 
»1 
о a 
1 9 
г ι 
1 0 
+ 
г/ 
« 
1 0 
г о 
0 9 
1 0 
ï / 
11 
i a 
г 0 
1 0 
іг/ 
к 
1 0 
1 1 
» 
1 0 
0 9 
84/ 
91 
0 9 
1 1 
0 8 
1 1 
1 0 
1 0 
0 7 
1 1 
92/ 
99 
1 0 
1 1 
1 0 
г о 
ι α 
1 9 
100/ 
104 
1 0 
2 0 
1 0 
1 0 
105/ 
109 
1 0 
1 0 
0 9 
ι о 
• 
по/ 
122 
г г 
0 9 
2 1 
1 1 
1 0 
+ 
1 0 
1 0 
0 9 
о а 
133/ 
1J9 
ι г 
1 2 
1 1 
1 0 
0 9 
0 9 
• 
Purlf 
Yield (») 
Charge 
«В 
29 
0 
AB 
25 
<1 
AB 
8 
г 
Al 
и 
. 2 
AB 
5 
•3 
AB 
В 
• 1 
AB 
28 
1 
AB 
30 
*l 
AB 
14 
2 
AB 
8 
•2 
Residues 
ninber 
Asp 
Thr 
S«r 
Glu 
Pro 
Gly 
Ala 
Val 
I l e 
leu 
Tyr 
Phe 
Hts 
AeCys 
lys 
Ars 
Trp 
140/ 
142 
1 0 
1 0 
0 7 
143/ 
147 
0 9 
1 0 
1 1 
1 9 
148/ 
ISO 
1 0 
0 9 
1 0 
151/ 
152 
1 0 
1 0 
153/ 
163 
2 1 
1 1 
2 0 
1 0 
1 0 
0 9 
2 0 
+ 
164/ 
166 
1 0 
1 0 
+ 
167/ 
169 
1 1 
1 0 
• 
173/ 
179 
0 9 
1 0 
2 9 
1 2 
1 1 
180/ 
186 
0 9 
2 0 
2 0 
2 0 
183/ 
186 
2 0 
1 0 
1 0 
Puri f 
« e l d («) 
Charge 
«В 
23 
+1 
AB 
42 
0 
AB 
47 
»1 
AB 
35 
0 
«1С 
7 
0 
«В 
11 
»г 
AB 
22 
0 
«ВС 
5 
0 
•8 
17 
•2 
AR 
16 
»1 
93 
Table 10 Amino acid compositions of the t r y p t i c peptides of the CNBr 
fragments Do, M and 06 
Residues 
»sp 
Ser 
Glu 
Pro 
О'У 
Ala 
val 
»se 
I l e 
Leu 
lyr 
Wie 
HIS 
AeCys 
Lys 
Arg 
Tm 
-2°. 
29/ 
1« 
3 8 
1 1 
6 ; 
1 1 
1 0 
ι β 
ι 1 
8 2 ' 
β; 
0 9 
1 0 
1 0 
0 9 
0 Β 
1 1 
88/ 
92 
1 1 
0 β 
1 0 
1 0 
1 0 
0« 
93/ 
95 
0 9 
1 1 
1 0 
96/ 
101 
0 8 
0 9 
2 0 
1 2 
1 0 
102/ 
1С/ 
1 0 
0 β 
1 2 
0 9 
1 0 
0 3 
108/ 
122 
2 2 
0 9 
2 8 
0 9 
1 ι 
+ 0 9 
1 0 
0 8 
0 β 
+ 
Κ 
134/ 
136 
1 0 
1 1 
0 9 
Puri f 
Yield (») 
Charge 
AB 
10 
-2 
AB 
8 
•2 
AB 
12 
.2 
AB 
li 
0 
AB 
26 
0 
AB 
36 
0 
AB 
6 
-2 
AB 
11 
• 1 
Residues 
number 
Asp 
Thr 
Ser 
Glu 
Pro 
Gly 
Ala 
val 
I l e 
Leu 
Туг 
Phe 
Hls 
AeCys 
Lys 
Are 
Trp 
142/ 
148 
1 0 
1 1 
1 0 
2 1 
1 0 
149/ 
152 
1 1 
1 0 
1 6 
1S3/ 
164 
2 0 
1 2 
2 1 
1 1 
1 0 
0 9 
2 0 
0 7 
1 0 
165/ 
167 
0 8 
1 0 
+ 
168/ 
182 
0 β 
2 β 
4 0 
1 1 
1 0 
2 0 
1 1 
1 0 
+ 
183/ 
186 
2 0 
1 0 
1 1 
184/ 
186 
2 0 
1 0 
Purl f 
»leid (*) 
Charge 
AB 
42 
t l 
АО 
30 
0 
AB 
6 
•1 
AB 
33 
• 2 
AB 
30 
•I 
AB 
6 
• 1 
AB 
47 
0 
Table 11 Amlro acid compositions of the chymotryptic peptides of the CN6r 
fragments Oo and D6 
Residues 
number 
Asp 
Thr 
Ser 
Glu 
Pro 
Gly 
Ala 
Val 
Hse 
l i e 
Lau 
Tyr 
PI» 
His 
AeCys 
Lys 
Ars 
Trp 
•29/ 
21 
2 1 
5 1 
0 9 
1 0 
On 
20/ 
-16 
1 1 
0 9 
0 9 
0 9 
1 1 
15/ 
13 
OB 
« 
1 1 
143/ 
147 
1 0 
1 1 
1 0 
1 6 
148/ 
150 
1 1 
1 0 
1 0 
151/ 
152 
1 0 
1 0 
06 
153/ 
163 
2 1 
1 0 
2 1 
1 0 
1 0 
0 8 
1 9 
• 
164/ 
166 
1 1 
1 0 
• 
167/ 
169 
1 0 
1 0 
• 
170/ 
179 
0 9 
2 1 
3 2 
1 2 
1 1 
0 7 
1 0 
183/ 
186 
1 9 
1 1 
0 9 
Purtf 
Vleld («) 
Charge 
AB 
15 
-2 
AB 
17 
-1 
AB 
12 
•1 
AB 
30 
0 
AB 
42 
• 1 
AB 
18 
0 
AB 
10 
0 
AB 
8 
•2 
AB 
22 
0 
AB 
10 
•1 
AB 
22 
»1 
94 
Table 12 Amino òdi compositions of the elastase peptides of C'ISr-fragment 
Al and staphylococcal protease peptides of C'IBr-fragment A2 
Kesldi MS 
number 
•sp 
TBr 
Ser 
Glu 
Pro 
il, 
Al» 
val 
Hse 
Ile 
Leu 
Туг 
Phe 
HIS 
Lys 
»ri 
Irp 
Pun f 
Yield 
Charge m 
•ги 
-го 
г ι 
1 1 
0 9 
AB 
21 
-1 
-19/ 
-14 
1 1 
0 9 
г ι 
0 9 
1 0 
АЕ 
гг 
-1 
-13/ 
-9 
0 9 
I 1 
? 1 
0 9 
AB 
10 
»1 
Al 
-β/ 
-2 
« 9 
1 1 
0 9 
AB 
11 
«1 
-1/ 
•4 
1 0 
0 9 
0 β 
1 0 
1 1 
Αβ 
8 
»1 
5/ 
В 
1 1 
1 0 
+ 
1 0 
AB 
16 
-1 
32/ 
39 
1 0 
2 1 
1 2 
2 0 
1 0 
0 9 
AB 
20 
0 
A2 
40/ 
47 
0 8 
1 0 
0 8 
1 1 
1 2 
1 0 
1 0 
+ 
AB 
6 
-1 
so/ 
54 
0 9 
1 1 
1 0 
ι η 
1 0 
AB 
20 
0 
55/ 
59 
1 8 
1 0 
1 0 
1 0 
AB 
4 
1 
Table 13 Amino acid compositions of the thermolyttc and 
staphylococcal protease peptides of CNBr-fragment Do 
Residues 
number 
Asp 
Thr 
Ser 
Glu 
Pro 
Val 
Hse 
Leu 
Lys 
Purif 
Yield {%) 
Charge 
-29/ 
-26 
2 1 
1 9 
AB 
26 
-1 
ΙΊ 
-25/ 
-22 
3 1 
0 9 
AB 
22 
-1 
-21/ 
-16 
1 0 
1 0 
1 1 
0 9 
г о 
AB 
20 
-1 
-21/ 
13 
2 0 
1 1 
0 9 
0 8 
+ 
1 9 
0 9 
AB 
β 
0 
-29/ 
-22 
2 1 
4 8 
0 9 
AB 
15 
-2 
SP 
-28/ 
-22 
1 9 
4 0 
1 0 
AB 
19 
-19/ 
-13 
2 0 
1 2 
1 0 
+ 
1 1 
0 9 
AB 
21 
+1 
Table 14 Aniño acid compositions of several CNBr-fragments 
Residues 
number 
Asp 
Thr 
Ser 
Glu 
Pro 
Gly 
Ala 
val 
Hse 
lie 
Leu 
Tyr 
Phe 
His 
Lys 
Arg 
Trp 
Al 
-23/ 
«8 
1 0 
2 2 
5 0 
0 В 
5 4 
4 1 
1 5 
+ 
0 7 
1 0 
г о 
г г 
г о 
81 
-12/ 
-7 
1 1 
1 0 
1 0 
1 0 
0 9 
+ 
82 
-6/ 
• 16 
г ι 
0 9 
0 9 
3 1 
2 0 
3 0 
1 1 
+ 
1 8 
0 9 
1 1 
г о 
1 1 
+ 
BS 
123/ 
132 
г о 
0 9 
2 0 
1 0 
г о 
1 0 
+ 
+ 
Do 
-29/ 
-13 
3 9 
1 0 
6 1 
1 1 
0 9 
+ 
1 s 
0 9 
Ol 
-12/ 
-7 
1 0 
1 0 
1 0 
1 0 
0 9 
+ 
02 
-6/ 
«16 
2 0 
1 0 
1 0 
3 2 
2 1 
3 0 
0 9 
« 
г о 
о s 
1 1 
1 9 
1 1 
• 
OS 
123/ 
132 
2 1 
0 9 
2 0 
1 0 
2 0 
1 0 
+ 
+ 
Purtf 
Yield (I) 
Charge 
A 
-0 
AB 
21 
0 
A 
-
»1 
AB 
34 
-1 
AB 
16 
-г 
AB 
19 
0 
AB 
16 
+1 
AB 
32 
-1 
APPENDIX 
IDENTIFICATION OF A SPONTANEOUSLY TRUNCATED ßBp-CHAIN (RESIDUES 9-204) 
After ion-exchange chromatography the different 6-chains were identified 
and their purity checked by 2-dimensional gel electrophoresis (Fig.). in this 
way another post-translational modification, in addition to the transition 
of ßBla to 8Blb, has been observed. The ßBp-chain was found in a shortened 
form, by proteolytic cleavage of the N-terminal extension (residues 1-8). 
After CNBr-treatment of the shortened ßBp and tryptic digestion of the 
N-terminal CNBr-fragment (CB1) the unblocked peptide T9-17 could be recovered, 
which has a charge of +2. Because the N-terminal tryptic peptide Tl-17 of 
the whole ßBp-chain has a charge of +1, one would expect that the cleavage 
results in a nett loss of one negative charge for the shortened ßBp (9-204). 
On the 2D-gel, however, it seems that the shortened ßBp and the complete 
ßBp-chain differ by two negative charges, which can be explained by assuming 
that His -12 is not completely protonated at pH 7.0, which is the location 
of ßBp on the 2D-gel. 
96 
ÎiB1a 
Φ 
..вг 
аВІ · 
• 
MC .«AI Ir 
/se» 
litip-
ф' 
# * 
β A4 
m· 
ßB3 
F-íg.: Two-dimensional gel electrophoresis of the purified, major ß-chains, 
ßBla, ßBlb, ßBp, shortened ßBp (= ßBp"), ßB3, ßAl, ßA2, ßA3 and ßA4, 
respectively, with the α-crystallin subunits in all cases as markers. 
У 7 

CHAPTER l/I 
В-СШТАШМ ENVOGENOUS SUBSTRATE ОТ LENS TRANSGLUTAMINASE 
ChaAactvUzation o^ thz acyZ-donoK iltz in the. BB chain 
Gay A.M. ВглЬглл, Нелшп СМ. ЪггМадг, кппгтооп M.M. Βκαηλ, 
На. ь Blommdal and Uiií'úe.d W. de Jong 
Еил. J . Biochw. (1983), 135, 315-320 
99 

Eur J Biochem US 115-120(1983) 
< FEBS 1981 
/r-Crystallin : endogenous substrate of lens transglutaminase 
Characterization of the acyl-donor site in the /tB, chain 
Guy A M BERBERS Herman С M BENTLAGE Annemoon M M BRANS, Hans BLOEMENDAL and Wilfried W de JONG 
Laboratorium voor Biochemie. Universiteit van Nijmegen 
(Received April 29, 1981) - EJB 830438 
Incubation of calf lens cortex homogenate with [l4C]putrescine or dansylcadaverme, followed by two-
dimensional gel electrophoresis and fluorography, enabled the identification of three different jS-crystallm chains 
as the endogenous substrates of Ca2*-dependent lens transglutaminase (R-glutaminyl-peptide amine-,-glutamyl-
yltransferase, EC 2 3 2 13) One of these is /)Bp, the predominant subunit of /l-crystallm, of which the ammo acid 
sequence is known The site of amme-labelmg in /?Bp could be located, by limited proteolysis, in the N-termmal 
domain of this chain Tryptic digestion of the N-termmal domain and subdigestion with elastase of the N-termmal 
tryptic peptide identified glutamine-7 as the single residue to which the amines are bound This is the first example 
of an endogenous substrate of intracellular transglutaminase in which the site of the acyl-donor glutamine residue 
has been established Tryptic digestion of the putrescine-labeled /J-crystallin aggregate, followed by high-voltage 
paper electrophoresis, provided a preliminary characterization of the labeled peptides originating from the other 
two labeled β subumts 
Transglutaminases catalyze the acyl-transfcr reaction by 
which f-(/-glutamyl)-lysme isopeptide cross-links are formed 
between polypeptides [1) These enzymes require Ca2* ions 
for their activation, and are found widespread in animal cells 
and body fluids The best known physiological function is the 
cross-linking of the fibrin clot during hemostasis catalyzed 
by the blood plasma transglutaminase factor Xllla [2] 
Whereas transglutaminases act solely on peptide-bound 
glutamine residues, which function as donor substrate mole­
cules, they possess an exceptionally broad specificity for ac­
ceptor substrates In fact these enzymes can readily be as­
sayed by incorporation of primary amines, like putrescme and 
cadaverine [3] 
Recently a Ca2 *-dependent transglutaminase has been 
demonstrated in the eye lenses of several mammalian species, 
and significant amounts of f-(,-glutdmyl)-lysme isopeptides 
were found to be present in a protein polymer from human 
cataractous lenses [4] This suggested the involvement of 
lens transglutaminase in the development of senile cataract 
Among the water-soluble proteins of the rabbit lens two 
/)-crystallin subumts were shown to act selectively as substrates 
for the endogenous transglutaminase (4] This observation 
prompted us to analyze in more detail the action of lens 
transglutaminase on Д-crystallin from calf, m which species 
this protein family is best characterized The subunit com­
positions of calf /?-crystallin have recently been determined, 
and six different primary gene products have been identified 
[5] The primary structure of the predominant /i-crystallm 
chain, ДВр, has been elucidated [6] and its three-dimensional 
structure predicted [7] The /î-crystallm chains occur in oligo-
Fnzum't Transaminase or R-glutaminyl-peptide amme-^ -glu-
lamyl vltransferase (EC 2 32 13) trypsin (EC 3421 4) elastase 
(EC 3 4 21 II) 
mers, varying from dimers and trimers (/Ji-crystallm) to 
octamers (/fo-crystallm) [8] 
In this paper we demonstrate the selective incorporation 
of [,4C]putrescine and dansylcadaverme by lens transgluta-
minase into three of the primary gene products among the 
calf /)-crystallin chains The site of attachment of the amines in 
the /ÌB,, chain could be located precisely and thus forms the 
first example of an endogenous protein in which the substrate 
glutamine of an intracellular transglutaminase is known This 
not only extends our insight into the specificity and properties 
of transglutaminases, but also provides information about 
the accessability of the substrate glutamine in the /l-crystallm 
aggregates 
MATERIALS AND METHODS 
Incubation of lens homogenate 
Fresh calf lenses were decapsulated and the cortex was 
homogenized in an equal volume (w v) of 50 mM Tris HCl 
buffer (pH 7 4), containing 50 mM NaCI and 1 mM EDTA 
A 300-μΙ aliquot of the homogenate was mixed with 450 μΙ of 
6 0 o
o
 glycerol in the same Tris HCl buffer 150 μΙ of 50 mM 
CaClj, and 300μ1 of 0 45mM [14C]putrescine (Amersham 
International England, specific activity 113 Ci mol) When 
dansylcadaverme (Sigma) was used m the incubation mixture 
instead of putrescme. its final concentration was 2mM The 
concentrations of glycerol and CaCh have to exceed 20",, and 
3 mM respectively [5] After 2 h of incubation at 37 С the 
reaction was stopped by the addition of 150μ1οί 50 mM EDTA 
to chelate the calcium ions and the mixture was centnfuged in a 
mimfuge The supernatant was twice dialyzcd briefly against 
250 ml of I "„ ammonium bicarbonate at 4 C, and applied on 
a column (100 χ 1 5 cm) of Ultrogel AcA 34 at a flow rate of 
0 10 ml/mm at 4 С using as eluent I " 0 ammonium bicar-
101 
bonate Fractions of 1 ml were collected and in the case of 
["•Clputresune, assayed for radioaUmty in a Packard liquid 
scintillation counter type 2450 after mixing 10-μΙ aliquots 
with 1 ml of Picofluor 15 (Packard), or by fluorescence under 
ultraviolet light in the case of dansylcadavenne 
Limited proieoh m 
Limited proteolysis of putrescine-labeled ^-crystallin 
with trypsin (Wiorthmgton, TRTPCK) was carried out in 
0 1 M ammonium bicarbonate (pH 8 0) at a protein concen 
tration ot 5 mg ml, using 0 25",, (w w) of enzyme, for up to 
24 h at room temperature After stopping the reaction with 
trypsin inhibitor (Sigma) and subsequent lyophilization, the 
mixture was fractionated over a column (100x2 0cm) of 
Sephadex G-75 sfai a flow rate of 0 04 ml mm at room tem­
perature using as eluenl 5"0 acetic acid, containing 6 M urea 
RadioactmH and fluorescent fragments were detected as 
described above 
Enz vmanc digestions 
Digestions with trypsin and elastasc (Whatman) were 
carried out in 0 1 M ammonium bicarbonate, brought to 
pH 8 9 with 1 M ammonia, at 37 С for 2 h, using 2 /„ (w w) 
of trypsin for polypeptides at a concentration of 10 mg ml, 
and 0 5 mg.pmol elastase for peptides at a concentration of 
1 μπιοί ml Enzymatic digests were fractionated by high-
voltage paper electrophoresis at pH 6 5 and, in the case of 
digested domains, followed in the second dimension by 
descending chromatography [9] Peptides were localized by 
staining with fluorescamin [10] or with 4,4-tetramethyl 
diaminediphenylmethane (Fluka) in case of N-terminally 
blocked peptides [11], and eluted with 6 M HCl to be analyzed 
forammo acid content on a Rank Hilger Chromaspck analyzer 
Fluorescent peptides »ere visualized under ultraviolet light 
and labeled peptides were detected by cutting the electro­
phoresis strip into I-cm pieces and counting the radioactivity 
in a Packard liquid scintillation counter after adding 1 ml 
toluene/PPO/POPOP 
Gel electrophoresis 
Characterization of polypeptides was performed by sodium 
dodecyl sulphate gel electrophoresis [12], using slab gels, 
which contained 13% Polyacrylamide, 0 35% methylene-
bisacrylamide and 0 1 % sodium dodecyl sulphate, or by two-
dimensional gel electrophoresis according to O'Farrell [13] 
In the case of smaller fragments, 15% Polyacrylamide slab 
gels were used Staining and destaimng of the gels and de­
tection of the labeled proteins was performed as previously 
described [14.15] 
RESULTS 
In order to establish which crystallin chains can act as 
endogenous substrates for lens transglutaminase, bovine lens 
homogenatc was incubated with ["Qputrescine at an ele­
vated Ca2' level and analyzed by two-dimensional gel 
electrophoresis and fluorography (Fig 1) The α and/-crystal­
lin chains can be clearly distinguished, while the minor com­
ponents with high molecular weight originate from the cyto-
skeleton (Fig 1A) All subunits with molecular weights 
between 22000 and 32000 can be identified as /J-crystallin 
chains for which we use the same provisional nomenclature 
as introduced earlier [5] The fluorograph of the gel pattern 
clearlv shows that three /¡-crystallin subunits become labeled 
(Fig I B) which can be identified as the primary gene products 
/ÍB, (Mr 25000) A and D (both with M, 26000) Under the 
conditions used, only a minor fraction of these chains actually 
reacts with putrescine This can be concluded from the fact 
that the putrescine-labeled chains arc not detectable by staining 
of the gel The radioactively labeled subunits have slightly 
higher isoelectric points than their unlabeled counterparts due 
to the free ammo group of the incorporated putrescine Gel 
filtration of the putrescine-labeled lens extract followed by 
one-dimensional gel electrophoresis confirmed the exclusive 
incorporation of putrescine in the β» and βι aggregates, in 
approximately equal amounts as previoush observed with 
rabbit lens extract by Lorand et al [4] After two-dimensional 
gel electrophoresis of ßH and /^ the same three subunits /Ш,, A 
and D, were seen to be labeled with putrescine in comparable 
proportions in both aggregates 
Because the primary structure of bovine /?Bp has been 
elucidated [6], we were able to investigate the position at 
which this chain is labeled with [14C]putrescine Limited 
proteolysis with trypsin was performed on the βι. aggregate, 
which is known to result in the specific fragmentation of βΒ
ρ 
while the other β chains present in ßt are completely digested 
to small peptides or not digested at all (Berbers et al , un-
published data) The C-terminal peptide T198-204 of /ІВ
Р 
is rapidly cleaved off and the shortened chain is fragmented 
to a large extent into an N-termmal domain (residues 1—88) 
and a C-terminal domain (residues 90—197) The different 
products of limited proteolysis can be separated by gel 
filtration in the presence of 6 M urea, and recognized by 
electrophoresis in dodecyl sulphate gels (Fig 2 A) After 
fluorography the incorporation of ['4C]putrcscine is ex­
clusively found in the N-termmal domain (Fig 2B) The 
C-terminal peptide TI98—204 is obviouslv not present on the 
gel, but since it does not contain am glutamine residues [6], 
it cannot serve as a substrate 
The putrescine-labeled N-termmal domain of /?Bp was 
isolated by gel filtration and digested with trypsin After 
fractionation of the digest bv high-voltage paper electro­
phoresis at pH6 5, one labeled zone could be detected at a 
mobility of 0 34 relative to aspartic acid (Fig 3 B) The N-ter-
mmal domain contains four tryptic peptides in which glutamine 
residues occur [6] T l - 1 7 , T18-39 T48-66 and T68-75 
(Table 1) Both TI8-39 and T68-75 have a charge of 1 
and should become neutral after reaction with a putrescine 
molecule T48-66 is neutral and should gam a charge of 
+1 by putrescine incorporation, for which a relative mobility 
of 0 15 can be calculated [16] None of these three peptides 
can thus be responsible for the radioactive zone with mobility 
0 34 However, Tl - 1 7 has a charge of +1 and a mobility of 
0 17 After labeling with putrescine its charge becomes 4 2, 
corresponding with a calculated mobility of 0 34, which is m 
complete agreement with the observed mobility of the radio­
active zone Minor amounts of radioactivity can be detected 
at mobility 0 17 and at the neutral position (Fig 3B), possibly 
due to one and two deamidations in T l - 1 7 , respectively 
Some uncleaved N-terminal domain remains at the origin 
during electrophoresis 
Two glutamine residues are present in Tl —17 of /?Bp, at 
positions 7 and 12, between which one can discriminate by 
further subdigestion (Fig 4) After elastase digestion a clear 
difference in the distribution of labeled peptides with [ l 4C]-
putrcscme bound to either Gln-7 or Gln-12 can be expected 
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SDS 
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Fig. 1. Тпо-ЦітетшпаІ gel t'U'íiyopfiori'tk pattern otbuviiieh'iìs proteins after slaining ( A} and fluorography ί Β ι. (A) Total water-soluble proteins 
from calf lens cortex: (B) crystallin chains labeled during incubation of calf lens cortex homogenate with [ l*CJputrescinc by the action of 
transglutaminase. Marker proteins in A are: leucine aminopeptidase (54000). ovalbumin (45000). a-chymotrypsinogcn (27000). i-cryslallm A 
(20000) and myoglobin (17000): in B: lmcrtW-JH]ovalbumin (46000). (mc/^V-'Hlcarbomc anhydrase (30000) and [mci/ivMHllysozyme 
(14300). Ampholmes in the pH ranges 3 5 - 1 0 and 6 - 8 were mixed in a ratio of 1:3. The precise locations of the ("CJputrescine-labeled 
/i-crystallin chains of В are marked in A with asterisks 
H-10-2 A s 
4 5 - Щ -Щ * · " "
і 6 
27 — Г -
2 0 - * · · ітт 
a Ь с 4 * I д Ь o b c d e l g h 
?\i.2.0ne-dimensmnaldodecylmlphate gel eleiirnplmresisoffractiom obtained by limtledlryptic proteolysis ol¡iriryslallm.after stamme 
fluorography <B). Lanes a and h contain marker proteins (see Fig. I for identification; 12400 is cytochrome e). b : Д-crystallin; c: products 
obtained after limited tryptic proteolysis of iiL-crystallin: d: C-terminally shortened /ÌB,, and some other undigested β chains: e: C-terminal 
domain of PBP; f: N-termmal domain of ßu, ; g : products obtained after cyanogen bromide treatment of purified unlabeled ^Bp as marker [6] 
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Peptide 
Τ 1-17 
T18-39 
T40-41 
T42-47 
T48-67 
T 6 8 - 7 5 
T 7 6 - 8 0 
T 8 1 - 8 8 
Mobility 
017 
- 0 10 
0 56 
- 0 32 
0 
- 0 24 
0 
0 
Charge 
+ 1 
- 1 
+ 1 
- 1 
0 
- 1 
0 
0 
Number of 
Gin 
residues 
2 
2 
0 
0 
2 
1 
0 
0 
Expected 
mobtlily 
0 34 
0 
_ 
_ 015 
0 
_ 
-
(Table 2) [6] Fútreseme labeled T l - 1 7 was isolated b> 
clution from a preparative paper electrophoretic run of a 
trypttc digest of labeled ßL (cf Fig ЧЛ) After high voltage 
paper electrophoresis of the elastase digest of labeled T l - 1 7 
radioactivity is actually detected at a mobility of 0 20 which 
corresponds with that of labeled peptide 1-14 (expected 
mobility 0 19) and at the neutral position which can be ex 
plained by labeled peptides 1-8 and 1-9 (Fig 3C) No 
radioactivity can be detected at positions expected if labeling 
5 · 10 ' IS 
Ac Ala Ser Asn H s Glu Ihr Gin Ala uly Lys Pro Gin Pro Leu Ain Pro Lys 
t I • 
Fig 4 Prmn ι urmtun of tin nxpiu ¡Hf luk Tí- 17 of tin box im 
fi irxsiaUm Bp (ham The possible sites of cleavage by elastase (6] 
are indicated (arrows) and the glutaminc residues are marked with an 
asterisk 
Table 2 FxpiiUd ptptuks afur ífasía\e subdtfustion of tfu V ur 
mmal triptu piptuie 77 — /7 of Bp Uf Fig 4) ffi/ and liu ir mohihues 
and t hargi s at pH 6 5 
The charges and mobilities of the peptides are indicated (A) when 
Gin 7 is labeled with ['4 jputrestme or dansyltadavenne (B) when 
Gin 22 is labeled Mobilities are given relative to arpar tic acid 
( -10) 
pH 6 5 mob ty 
Fig 3 High voltage paper electrophoretic patterns at pH 6 5 (A) 
Tryptic digest of [l4Clputrescine labeled βι crystalhn (B) trypttc 
digest of N terminal domain of ['4C)putrescme labeled /Шр (С) 
elastase subdigest of N terminal tryptic peptide Tl 17 ot [14C] 
putrescme labeled 0Bp Strips of 1 cm of the electrophoresis paper 
were assayed for [14C]putrescine content (ordinate) fclectrophorctic 
mobilities of the labeled peptides were assigned according to Offord 
[16] using arginine as an internal standard (mobilitv 0 81 relative to 
aspartk ictd = —1 0) Arrows in В and С indicate the positions of the 
fluorescent peptides of ßBp in case of dansylcadavenne labeling 
Table I Tn рис peptides from the N terminal domain oj ßBp f residues 
I—88) and their mobilities and charge at pH6 5 /6 / 
The expected mobility after labeling of a gl ut amine residue with 
[l4CJputrescine is indicated Mobilities are gi\en relative to aspartic 
acid ( -10) 
Residues 
A 1 - 8 
1 9 
1-14 
В 9-14 
10-14 
1-14 
Unlabeled 
peptides 
Labeled with 
pulrcscme 
Labeled with 
d insylcadavenne 
mobility charge mobility charge mobility charge 
- 0 26 - 1 
025 - 1 
0 0 
0 15 +1 
o n f 1 
0 0 
0 
0 
0 19 
0 72 
0 75 
0 19 
0 
0 
+ 1 
+ 2 
+ 2 
+ 1 
- 0 2 1 - 1 
- 0 2 1 - 1 
0 0 
0 27 + 1 
0 28 +1 
0 0 
of Gin 12 occurs ie peptides 9 - 1 4 or 10-14 (charge + 2 
expected mobilities 0 72 and 0 75 respectively) Neither can 
any radioactive zone be seen to coincide with labeled pep 
tide 7-14 indicating that the expected cleavage position 
between Thr 6 and Gin 7 is blocked [6] Only a trace of 
uncleaved labeled Tl —17 is observed at a mobility of 0 34 
These findings lead us to conclude that Gin 7 is the only 
residue in /Ш,, which is specifically labeled by lens trans 
glutammase 
Similar experiments were performed with the fluorescent 
label dansylcadavenne and comparable results were obtained 
After tryptic digestion of the dansv(cadaverine labeled N ter 
minai domain of /¡Bp one fluorescent zone could be detected 
with a mobility of 0 15 (Fig 3 B) This is precisely the ex 
pected mobility ol T l - 1 7 with dansylcadavenne attached 
to it The decrease in electrophoretic mobility as compared to 
unlabeled Tl - 1 7 (0 17) is due to the introduction of an M, 
of 335 for dansylcadavenne When the unlabeled Tl —17 and 
the dansylcadavenne labeled T l - 1 7 were eluted and sub-
sequently subdigested with elastase two fluorescent ¿ones 
could be seen under ultraviolet light after high voltage paper 
electrophoresis (Fig 3C) One zone at a mobility of —0 21 
corresponds to the labeled peptide 1 — 9 as confirmed by 
amino acid analysis of the unlabeled peptide I — 9 at a mobility 
of —0 25 This peptide had to be localized by staining with 
4 4 tetramethyldtaminediphenvlmethane because it is N ter 
minall) acetylated The other zone (mobility 0) belongs to the 
labeled peptide 1 —14 and coincides with its unlabeled 
counterpart as again confirmed by ammo acid analysis Also 
these results can only be explained by a specific labeling of the 
Gin 7 residue in the /IBP chain 
When a tryptic digest of the putrescme labeled βι aggregate 
is fractionated by high voltage paper electrophoresis four 
radioactive peaks can be detected on the paper strip (Fig 3 A) 
The positively charged peak at a mobility of 0 34 corresponds 
to labeled T l - 1 7 of /?Bp The neutral peak and the negatively 
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charged one with a mobility of - 0 26 must have originated 
from labeled lr\plic peptides from chain A and D while the 
fourth peak results from some uncleaved material remaining 
at the origin Apparenti) the incorporation m subunits A 
and D is also restricted as in /!B
r
 to a single peptide It can 
moreover be assumed that the acidic peptide which has the 
highest incorporation of radioactivity originates from chain D 
because this subunit is also the most strongly labeled with 
putrescine according to the radioactive two dimensional gel 
pattern (Fig I B) It thus appears that this tryptic peptide 
from chain D of which the primary structure has yet to be 
determined is very acidic having a net charge of—3 (without 
the putrescine label) and an estimated length of 24 residues 
or alternatively a net charge of — 2 and a length of approxi 
mately S residues The neutral radioactive peptide must 
originate from chain A and should without the putrescine 
label have a charge of - 1 
DISCUSSION 
The aim of the present study was to investigate the action 
of lens transglutaminase on its endogenous substrate mole 
cules the crystallms Although calf lens transglutaminase is 
approximately three times less active than the rabbit lens 
en?>me we chose to use the bovine lens because its proteins 
are the best characterized among mammalian species (17] Our 
results clearly indicate that lens transglutaminase acts in a 
very selective manner on the available substrates because out 
of some 20 major crystallin chains only three β subunits 
become labeled with (14Clputrescine (Fig 1) We could es 
tabhsh that in the /fBp sequence residue Gin 7 is the only site 
of labeling by transglutaminase Here again the action of 
lens transglutaminase is very selective since 17 glutamme 
residues are present in the total sequence of ßBf The limited 
donor substrate specificity of transglutaminases [I] is thus 
confirmed in the lens 
Whether a specific peptide bound glutamme residue can 
function as a substrate for transglutaminase depends on its 
surroundings both in respect to the primary structure and 
the spatial conformation [18] Hitherto the glutamme residues 
which are susceptible to amine incorporation by transgluta 
minase have been precisely located only m a very few proteins 
In the chain of fibrin Gin Я79 is the primary site of action 
of the plasma transglutaminase factor Xllla [14] Phis site 
is involved in the covalent cross linking of fibrin dui η the 
clotting process Cross linking also occurs between lysine 
residues of fibrin я chains and the Gin 2 residue of on plasmin 
inhibitor [20] In β casein residue Gin 167 readily serves as 
substrate for both factor XII la and liver transglutaminase [21 ] 
although it obviously is not a natural substr ite of these en 
zymes HLA A and HLA В antigens can be specifically 
labeled with putrescine using guinea pig transglutaminase at 
one or both of the glutamme residues in their intracellular 
hydrophilic region [22] 
The finding that Gin 7 in the ßB, sequence is accessible 
for lens transglutaminase provides information about the 
location of this part of the sequence in the β crystallin 
aggregates In the predicted three dimensional model of /(BP 
[7] residue Gin 7 is situated in an N terminal extension fi om 
the compact two domain structure It is proposed that these 
N terminal extensions of the ßBr chains may be involved in 
the formation of dimers of /?B,, [23] or higher aggreaates in 
combination with other β crystallin subunits [5] The N ter 
minai extensions are apparently located in such a manner in 
all β crystallin aggregates that they remain accessible for 
transglutaminase A comparable extension is lacking m the 
structure of bovine , II crystallin chain which otherwise has 
the same two domain configuration as /Ш
р
 [24] This precludes 
the functioning of the , II chain and other homologous 
, chains as well as substrates for lens transglutaminase in a 
similar manner to the βΒ
ρ
 chain 
It is important to note that according to data presented by 
Lorand et al [4] significant labeling with putrescine of 
endogenous but not exogenous proteins by lens trans 
glutaminase requires the presence of 20—30° „ glvcerol in the 
incubation mixture The accessability of the glutamme resi 
dues which function as acvl donors lor lens transglutaminase 
is apparentlv influenced by the presence of glycerol due to 
subtle conformational changes in the substrate crystallms 
The presence of 22 5° 0 glycerol in our incorporation ex 
penments creates conditions which probably approach the 
densely packed protein environment m the lens fiber cell more 
closely than without this addition It therefore seems likely 
that conclusions about the putrescine labeling of the β crystal­
lin chains are valid for the processes in situ as well 
In calf and chicken the different β crystallin chains have 
been shown to be related in structure as judged by ammo 
acid composition [25] immunological cross reactivity [26] 
peptide mapping [27] and partial sequence determination 
(Berbers et al unpublished data) The three dimensional 
structures are therefore likely to be very similar and one 
might speculate that the putrescine labeled glutamme residues 
in the bovine /i-crystallin chains A and D arc also located in 
easily accessible N terminal extensions It appears from the 
amount of radioactivity found in the labeled tryptic peptides 
of the ßL aggregate (big ЗА) that chain D is the best substrate 
molecule in the lens 
The identification in the β crystallin chains of the glutamme 
residues which act as endogenous substrates of lens trans 
glutaminase may open the way to determine which of the 
lens proteins and under what conditions can be connected 
by isopeptide linkages and to establish which role this process 
possibly plays in the development of senile cataract 
Wc arc grateful to Willeke Hoekman for technical assistance and 
to Marlies Versteeg for performing amino acid analyses This in 
vestigation was earned out partly under the auspices of the Nether 
lands Foundation for Chemical Research (SON) with financial ud 
from the Netherlands Organisation for the Advancement of Pure 
Research (ZWO) 
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ENDOGENOUS SUBSTRATE SITES OF LENS TRANSGLUTAMINASE UNRAVELED 
Intracellular transglutaminase, which catalyzes the formation of ε-(γ-
glutamyl)-lysine isopeptide crosslinks between polypeptides, has recently been 
implicated in a variety of essential biological processes. It may be involved 
in neuronal aging and in Alzheimer disease (1, 2), in the interaction between membrane 
proteins and cytoskeleton (3), in receptor-mediated endocytosis (13), in 
erythrocyte membrane stiffening (14), terminal differentiation of keratinocytes 
(15), the regulation of cell proliferation (16), the lymphocyte blastogenesis 
(17), and in the development of senile cataract (4). These findings prompt 
further studies to reveal the precise sites and modes of action of trans­
glutaminase to fully understand the physiological significance of these pro­
cesses. Using [^Hj-methylamine as a novel and convenient probe for trans­
glutaminase activity, we have explored the action of this enzyme in the bovine 
eye lens. We could characterize the glutamine residues acting as acyl-donor 
sites in three B-crystallin chains, which are the only substrates for lens 
transglutaminase among the lens-specific structural proteins, the crystalline. 
It could moreover be established that several components of the lens cyto­
skeleton are substrates for transglutaminase. 
Γ 
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2 0 - m r 
Φ 
ввз 
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• ^ \ 
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The cortex of fresh 
calf lenses was homo­
genized in an equal 
volume (w/v) of 50 mM 
Tris/HCl buffer (pH 7.4), 
containing 50 mM NaCl 
and 1 mM EDTA. A 300 μΐ 
aliquot of the homogenate 
was mixed with 450 \il 
of 60% glycerol (4) in 
the same Tris/HCl buffer, 
150 yl of 50 mM СаСІ2, 
and 100 vil of 0.173 mM 
[3Hj-methylamine (Amersham 
International, England; 
specific activity 28,900 
Ci/mol). After 2 h of 
incubation, at 370C the 
reaction was stopped by 
the addition of 150 yl 
of 50 mM EDTA to chelate 
the Ca^+ ions, and the 
mixture was centrifuged 
at 13,000 g for 30 min 
at 40C. The supernatant 
was briefly dialyzed 
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twice against 1% ammonium 
bicarbonate at 40C, and 
lyophilized. The pellet 
was washed several times 
with buffer and subsequent­
ly extracted with 6 M 
urea. After centrifugat-
ion at 13,000 g at 4 С 
the supernatant was 
dialyzed and lyophilized. 
The pellet was washed 
several times with 6 M 
urea and buffer, and 
subsequently lyophilized. 
The different fractions 
were subjected to two-
dimensional gel electro­
phoresis and analyzed 
by staining with Coo-
massie blue in the case 
of (A) water-soluble 
lens protein fraction 
not incabated; the 
major chains are indicat­
ed; (C) urea-soluble 
fraction not incubated, 
V = vimentin, A = actin, 
other urea-soluble proteins 
are marked by their Mr, 
while the major, remaining 
water-soluble chains also 
are indicated; and (D) 
urea-soluble fraction 
after incubation. Analysis 
was by fluorography in 
case of (B) water-
soluble fraction and (E) 
urea-soluble fraction 
(both after incubation); 
in E the three unidenti­
fied, labeled components 
are marked X {46k), Y 
(140k) and Ζ (190k). 
Whereas the Ca2+-dependent transglutaminases act solely on peptide-
bound glutamine residues, which function as acyl-donor substrate molecules, 
they catalyze the incorporation of a wide variety of primary amines, by 
which reaction the enzymes can readily be assayed. The usual acceptor 
substrates in the transglutaminase assay are [^Cj-putrescine or dansyl-
cadaverine (5). Although [Зн]-methylamine exhibits a lower affinity as 
acceptor substrate than these longer, straight-chained amines, w< found a 
ten times greater incorporation of f3H]-methylamine in lens honio-;4nate as 
compared to [^cj-putrescine, because [Зн] -me thy lami ne has a much higher 
specific activity. Even more important, [Зн]-methylamine being the smallest 
possible substrate, induces, unlike dansylcadaverine and [^CJ-putrescine, 
no changes in molecular weight and charge of the proteins in which it is 
incorporated. This facilitates considerably the identification of polypeptide 
substrates and their acyl-donor glutamines. 
The stained electrophoretic pattern of the water-soluble calf lens 
proteins, the crystalline, is depicted in Fig. 1A, and the urea-soluble 
fraction in Fig. 1С. The latter contains, apart from some remaining water-
soluble components, predominantly the cytoskeletal proteins actin (43k) and 
vimentin (55k), and three not clearly identified proteins, probably eEF-Tu 
(47k), a-actinine (100k), and myosin (200k). After incubation of the lens 
homogenate with [a]-methylamine and Ca , which activates the endogenous 
transglutaminase, the fluorograph of the gel pattern of the water-soluble 
fraction clearly shows that three ß-chains become labeled, like with 
[ll*c]-putrescine (6). These chains can be identified as the primary gene 
products ßBp, ßB3 and ßA3 (Fig. IB). Also some labeled deamidation products 
of these three ß-chains can be observed. These identifications by [Зн]-
methylamine incorporation proofs to be more sensitive and direct, as compared 
to [^cj-putrescine, by the complete coincidence of the labeled and stained 
spots. In the urea-soluble fraction (Fig. IE) we obtain the same radioactive 
pattern of the water-soluble ß-chains but in addition the 47k, 100k, 200k 
and three other unidentified components (46k, 140k, and 190k, respectively) 
are labeled. Moreover, in the Coomassie stained pattern of the incubated 
homogenate the 100k polypeptide has almost completely vanished, and to a 
lesser extent also the 200k band and vimentin (Fig. ID). They probably are 
involved in intra- or intermolecular cross-linking by the action of trans-
glutaminase, making them insoluble and incapable of penetrating the gel. 
The major component of the urea-soluble fraction, the membrane protein MP26, 
seems not to become labeled (results not shown). This is in agreement with 
HI 
the sequence data of the N-terminal end of this protein, which is exposed 
on the cytoplasmic side of the membrane and contains no Gin-residues (7). 
Because the primary structure of the predominant subunit of bovine 
B-crystallin, 8Bp, has been elucidated (8), as well as major parts of the 
other six primary gene products (9), we were able to identify the acyl-donor 
site in the three substrate ß-chains. After tryptic digestion of a [ Hj-
methylamine labeled B-aggregate three radioactive peaks can be detected on 
the electrophoresis paper strip (Fig. 2A). The positively charged peak 
corresponds to Tl-17 of ßBp (mobility +0.17), the negatively charged peak 
to Tl-14 of ßB3 (mobility -0.18) and the more negatively charged peak to 
Tl-16 of ßA3 (mobility -0.39). 
As shown earlier by incorporation with other amines (6) the precise 
acyl-donor site in ßBp, Gin-9, could be identified by elastase subdigestion 
of its N-terminal tryptic peptide Tl-17 (Fig. 2B), included here for the sake 
of completeness. Most convincing is the observation that the elastase peptides 
El and E3 (Fig. 2B) are present only in the unlabeled peptide Tl-17, indicat-
F-tg. Z: The ß-crystallin aggregates were isolated from the incubated water-
soluble fraction, and the ß-subunits purified as described earlier 
( 9 ) . Two ß-subunits, ßB3 and ВАЗ, were treated with cyanogen bromide 
(CNBr) and the resulting fragments separated on a Sephadex G50 sf 
column in 20% HAc (flowrate 0.1 ml/min.). Radioactivity was assayed 
in a Packard liquid scintillation counter type 2450 after mixing 10 
μΐ aliquots with 1 ml of Picofluor 15 (Packard). Digestions with 
trypsin (TRTPCK, Worthington), elastase (Whatman) and thermolysin 
(CalbiochemA grade) were carried out in 0.1 M ammonium bicarbonate, 
brought to pH 8.9 with ammonia, at 370C for 2 h, using 2% (w/w) of 
trypsin for β-aggregates and ßBp at a concentration of 10 mg/ml, 
and 0.5 mg/ymol elastase or thermolysin for CNBr-fragments and tryptic 
peptides. Enzymatic digests were fractionated by high-voltage paper 
electrophoresis at pH 6.5. Peptides were localized by staining with 
fluorescamin or with 4,4'-tetramethyldiaminediphenylmethane.(TDM, 
Fluka) in case of N-terminally blocked peptides. Labeled peptides 
were detected by cutting a guide strip of the electrophoresis paper 
into 1 cm pieces, and counting the radioactivity after adding 1 ml of 
toluene/PPO/POPOP. Radioactive and stained patterns are shown 
A) tryptic digest of ß-aggregate, B) elastase digest of N-terminal 
tryptic peptide Tl-17 of ßBp, С) elastase digest of the N-terminal 
CNBr-fragment of ßB3 and D) thermolytic digest of the N-terminal CNBr-
fragment of ВАЗ. Peptides were eluted with 6 M HCl for amino acid 
analysis on a Rank Hilger Chromaspek, or eluted with 10% HAc for 
sequence analysis, which was performed either by the dansyl-Edman 
procedure or by carboxypeptidase digestion. Digestion with carboxy-
peptidase С (Röhm GmbH) was carried out in 0.1 M pyridinium acetate 
(pH 5.0) at 30oC for up to 3 h, using 100 mU carboxypeptidase С at 
a peptide concentration of 50 nmol/100 yl. 
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ing that the cleavage position between Thr -10 and Gin -9 is blocked in the 
labeled peptide. 
The radioactivity in the chains ßB3 and βA3 could be located in the 
N-terminal CNBr-fragments of both ß-subunits. After elastase digestion of 
this N-terminal fragment of ßB3 the radioactivity was detected in the 
N-terminally blocked peptide El (Fig. 2C). Subdigestion of the elastase 
peptide El with carboxypeptidase С revealed as C-terminal amino acids His 
and Gin, respectively, and the most probably sequence is given in Fig. 3. 
Thu£,Gln -21 is characterized as the only acyl-donor site in the ßB3-chain. 
In the case of the ßA3-chain, the radioactivity conincided with the 
peptide Th2 after thermolysin digestion of the N-terminal CNBr-fragment of 
this ß-chain (Fig. 2D). Dansyl-Edman degradation of peptide Th2, combined 
with paper electrophoresis of the remaining peptide after each degradation 
cycle, revealed Gin -23 as the acyl-donor site in the ßA3-chain. In both 
the tripeptide Gln-Gln-Glu after the first cycle, and the dipeptide Gln-Glu 
after the second cycle could radioactivity be detected. 
Our results highlight the very selective manner in which lens trans-
glutaminase acts on the endogenous glutamine substrates. First, three ß-chains 
are selected out of some twenty major crystallln chains present in the lens, 
to act as substrate for transglutaminase. Secondly, out of some twenty 
glutamine residues, present in the sequence of each of the three ß-chains, 
only a single one becomes labeled. This selectivity has to be determined 
by the structural features of the ß-crystallins. The sequence homology 
between the β- and γ-crystallins (10, 11) warrants the same tertiary two-
domain-fold in the ß-subunits as has been established for bovine γ-ΙΙ (12). 
The main difference between the oligomeric β- and monomeric γ-crystallins 
is the presence in the ß-polypeptides of N- and C-terminal extensions, 
which are probably involved in the aggregation behavior of the ß-crystallins 
with each other or with other components of the lens fiber cells. Only these 
N-terminal extensions apparently provide the correct juxtapositions of 
substrate glutamines in the tertiary structure to make them accessable for 
lens transglutaminase. Obviously the N-terminal extension of ßA3 functions 
best as substrate. Since the three N-terminal Substrate sequences do not 
exhibit any similarity in primary structure (Fig. 3), the neighbouring 
residues apparently influence the effectivity of glutamines to act as acyl-
donor (5). It is clear that the use of [Зн]-methylamine facilitates the 
identification of endogenous substrates of intracellular transglutaminases 
and thus provides the basis for elucidating the crosslinks brought about by 
their activation. 
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BBp (βΒ2) Ac-Ala-Ser-Asn-His-Glu-Thr-Gln-Ala-Gly-Lys-Pro-Gln-Pro-Leu-Asn-Pro-Lys-Ile-Ile-Ile-Phe-Glu-Gln-Glu-Asn 
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вВЗ X.Ala.Glu.Gln-His-5er-Thr-Pro-Glx-Glx-Ala-Ala-Ala-Gly-Lys-Ser-His-Gly-Gly-Leu-Gly-Gly-Gly-Ser-Tyr-Lys-Ile-Val-Val-Tyr-Glu-M«t-Glu-Asn 
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* 
βΑ3 X.Glu-Thr-Gln-Thr-Val-Gln-Gln-Glu-Leu-Glu-Ser-Leu-Pro-Thr-Thr-Lys-Met-Ala-Gln-Thr-Asn-Pro-Met-Pro-Gly-Ser-Val-Gly-Pro-Trp-Lys-ne-Thr-Ile-Tyr-Asp-Gln-Glu-Asn 
Th4 
F-tg. 3: Primary structures of the N-terminal extensions of the three bovine ß-crystallin chains, which function 
as endogenous substrates. The cleavage patterns of the different proteolytic enzymes are indicated 
(E: elastase and Th: thermolysin). The glutamine residues, which act as acyl-donor site are marked 
with an asterisk. The ßB3- and ßA3-chains are N-terminally blocked (X), probably like BBp by ^-acetylat-
ion. The numbering of residues in the aligned sequences emphasizes the unique feature of the ß-chains 
(9) to combine considerably conserved domain sequences (positions +1 and onwards) with totally 
dissimilar N-terminal extensions (negatively numbered positions), 
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SUMMARY 
The mammalian eye lens consists mainly of protein (35%) and water (65%). 
The water-soluble structural proteins, the crystalline, constitute over 90% 
of the protein moiety. They are divided in three classes: α-, β- and γ-
crystallin, of which ß-crystallin is the most heterogenous. In the bovine 
lens ß-crystallin comprises approximately some 40% of the protein fraction. 
The major topic of this thesis is the investigation of the structural and 
functional properties of calf ß-crystallin. 
Chapter I gives an introduction in the field of crystallin research, 
especially emphasizing the recent developments in our knowledge of ß-crystallin. 
The properties of the enzyme transglutaminase, which occurs in the lens and 
uses ß-crystallin as a substrate, are also shortly described. 
We have fractionated ß-crystallin from calf lens cortex into three 
different aggregates of increasing size: β „, β . and β , and revealed their 
subunit composition by means of two-dimensional gel electrophoresis. 
Translation of calf lens polyribosomes in a reticulocyte cell-free system 
allowed the identification of six ß-crystallin subunits as primary gene 
products. The distribution of these newly synthesized polypeptides over the 
three aggregates was established. The aggregation behavior of the ß-crystallin 
chains was studied by dissociation/reassociation experiments. On basis of 
the results a preliminary model for the formation of ß-crystallin aggregates 
is proposed (Chapter II). 
Driessen et al. previously elucidated the primary structure of the 
predominant ß-crystallin subunit, ßBp (Eur. J. Biochem. (1981) 121, 83-91). 
The sequence similarity with γ-ΙΙ crystallin, of which the three-dimensional 
structure had been determined, enabled the prediction of the same tertiary 
fold for ßBp. According to Wistow et al. it is organized into two very 
similar domains, with short extensions at both N- and C-terminus, and two 
alternative models for the ßBp dimer have been proposed (FEBS Lett. (1981) 
133, 9-16). We found that upon limited proteolysis the C-terminal arms are 
rapidly cleaved off from the ßBp-dimer, while the N-terminal arms are more 
difficult to remove. Trypsin splits the ßBp-chain into two fragments, which 
approximately correspond to the two structural domains. Dissociation/re-
association experiments revealed that the C-terminal arm extends freely from 
the surface and is not involved in subunit-contact, and that at least one 
N-terminal arm seems required for dimer formation. These findings support 
the more extended dimer model of ßBp (Chapter III). 
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Major parts of the sequences of the other six important ß-chains have 
been determined as described in Chapters IV and V. This revealed that there 
exist at least seven primary gene products in bovine ß-crystallin, which 
exhibit 40% or more sequence homology warranting the same tertiary two-domain-
fold in each of them. Two of the gene products are completely identical, 
except for the presence in one of them of 17 additional residues at the N-
terminus, possibly as a result of differential splicing of the same primary 
PNA-transcript. The rate of evolutionary change of the ß-chains, estimated 
at 4% change per 100 χ IO6 years, is about equally slow as that of a-crystallin, 
and the gene duplications giving rise to the different chains must have 
occurred very early in the vertebrate evolution. The N-terminal extensions 
of all ß-chains are very different in length and sequence, even between 
homologous ß-chains in different species. The ß-chains can be divided into 
two groups, according to sequence homology and presence of deletions/insert-
ions and C-terminal extension. On this basis a new, rational nomenclature for 
ß-subunits is introduced (Chapter V ) . 
The two basic ß-crystallin ßl chains, which are characteristic for β , 
tl 
have" a very long N-terminal extension in comparison with other ß-chains. 
This extension is mainly composed of a remarkable proline- and alanine-rich 
sequence, which suggests and interaction of these structural proteins with 
the cytoskeleton and/or the plasma membrane of the lens cell. The subunit 
ßBlb is derived -tn VÁVO from the primary gene product ßBla by removal of a 
short N-terminal sequence (Chapter IV). 
2+ 
Lorand et al. have demonstrated a Ca dependent transglutaminase in 
eye lenses of several mammalian species (Proc. Natl. Acad. Sci. (1981) 78, 
1356-1360). It was proposed to produce significant amounts of the c-(Y-gluta-
myl)-lysine isopeptides present in human cataractous lenses, which suggests 
the involvement of lens transglutaminase in the development of senile 
cataract. Incubation of calf lens cortex homogenate with [1'*cJ-putrescine 
or dansylcadaverine enabled us to identify three different ß-crystallin 
chains as the endogenous substrates of lens transglutaminase. The precise 
site of amine labeling in ßBp could be located in the N-terminal extension 
of this chain (residue Gin-9, Chapter VI). Using [3H]-methylamine as a novel 
and convenient probe for transglutaminase activity, the glutamine residues 
acting as acyl-donor sites could also be characterized in the other two 
substrate ß-crystallins. It could, moreover, be established that several 
components of the lens cytoskeleton are substrates for transglutaminase 
(Chapter VII). 
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SAMENVATTING 
De ooglens van gewervelde dieren bestaat voornamelijk uit eiwit (35%) en 
water (65%). Van deze eiwithoeveelheid wordt meer dan 90% gevormd door water­
oplosbare, structurele eiwitten, de zogenaamde crystallines. Bij zoogdieren kun­
nen deze verdeeld worden in drie grootte-klassen: α-, β- en γ-crystalline. Het 
g-crystalline vormt daarvan de meest heterogene populatie van eiwitketens en 
was tot nu toe minder diepgaand onderzocht dan de andere twee crystalline klas­
sen. Het doel van dit onderzoek was een bestudering van de structurele en func­
tionele eigenschappen van het ß-crystalline, voortbouwend op de reeds eerder ge-
boekte resultaten binnen dit terrein. We hebben ons in eerste instantie beperkt 
tot het ß-crystalline van het kalf, aangezien de ooglenzen van dit dier gemakke-
lijk en zonder opoffering van proefdieren verkrijgbaar zijn en dientengevolge 
het best bestudeerd. 
Een aantal bevindingen, verkregen door andere wetenschappers, zijn voor het 
onderzoek van groot belang geweest. De aminozuurvolgorde van een van de eiwit-
ketens van het γ-crystalline, γ-ΙΙ, werd in 1972 al opgelost. Tevens was het 
mogelijk om de ruimtelijke structuur van dit eiwit te bepalen. De eiwitketen is 
opgerold in twee zeer gelijkvormige bolvormige "domeinen", waardoor het eiwit 
een heel hoge interne symmetrie bezit. Toen de aminozuurvolgorde van de voor­
naamste eiwitketen van het ß-crystalline, ßBp, opgehelderd was, bleek deze een 
zodanige overeenkomst met γ-ΙΙ te bezitten (30%), dat op grond hiervan een 
voorspelling van zijn ruimtelijke structuur mogelijk was. Evenals γ-ΙΙ bestaat 
ßBp uit twee zeer gelijke domeinen, maar doordat ßBp iets langer is dan γ-ΙΙ 
steken de beide uiteinden uit de domeinen. We spreken van een N- en een C-ter-
minale extensie. Deze extensies, of armpjes, spelen waarschijnlijk een rol bij 
de aggregatie, of complexvorming, van de ß-crystalline-ketens, die bij γ-crys-
tallines niet mogelijk is. 
Wij konden het kalfs ß-crystalline scheiden in drie verschillende aggrega-
ten. De eiwitketensamenstelling van deze drie ß-complexen werd door ons opgehel-
derd met twee-dimensionale gel electroforese: een techniek, waarbij de eiwitten 
gekarakteriseerd worden op grootte en lading (Hoofdstuk II). Verder komt in 
hoofdstuk II het aggregatiegedrag van de ß-eiwitketens, het vermogen tot vorming 
van complexen, aan de orde. Op basis daarvan is een voorlopig, vereenvoudigde mo-
del voor de vorming van ß-crystalline aggregaten uit de verschillende ß-ketens 
opgesteld. 
Het aggregatiegedrag van de voornaamste ß-keten, ßBp, is meer in detail 
bestudeerd (Hoofdstuk III). Dit eiwit is in staat met zichzelf dimeren te 
vormen, complexen bestaande uit twee ßBp-ketens. De armpjes aan het C-terminale 
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eind van ßBp kunnen gemakkelijk van deze dimeren verwijderd worden door eiwit-
splitsende enzymen, waarbij de dimeer structuur toch in tact blijft. Met de 
N-terminale armpjes gaat dit veel moeilijker. Zij lijken essentieel te zijn 
voor de dimeer structuur. Deze (en andere) resultaten wijzen in de richting 
van het uitgebreide dimeer model van BBp, een van de twee voorgestelde model-
len (Fig. 2B in de introductie). 
Grote gedeeltes van de aminozuurvolgordes van zes andere belangrijke 
ß-ketens hebben wij kunnen voegen bij de reeds bekende sequentie van ßBp 
(hoofdstukken IV en V) . Hieruit is duidelijk geworden dat er tenminste zeven 
ß-ketens als primaire eiwitprodukten gesynthetiseerd worden. De overige in de 
lens aanwezige ß-eiwitketens (ongeveer tien) moeten van deze zeven afgeleid 
zijn door allerlei verouderingsprocessen (posttranslatie-modificaties). Twee 
van deze modificaties zijn opgehelderd (hoofdstuk IV en appendix hoofdstuk V ) . 
Zij blijken beide te berusten op een enzymatische verkorting van een primaire 
ß-eiwitketen. Een aantal andere modificaties zijn voorspelbaar geworden op 
grond van hun karakterisering met twee-dimensionale gel electroforese. Uit 
de nu bekende aminozuurvolgordes van de ß-ketens blijkt tevens dat deze eiwit-
ten onderling voor 40% of meer identiek zijn, hetgeen dezelfde ruimtelijke 
vouwing in twee domeinen voor elk van hen waarschijnlijk maakt. Bovendien 
kunnen we de ß-eiwitketens op grond van hun overeenkomsten onderverdelen in 
twee groepen. Op basis hiervan is een nieuwe, rationele nomenclatuur voorge-
steld (hoofdstuk V ) . De N-terminale armpjes van de verschillende ß-ketens 
lijken, in tegenstelling tot de domeinen, helemaal niet op elkaar. Mogelijk 
staat dit in relatie tot de functie die de verschillende ß-ketens wat betreft 
hun aggregatiegedrag in de ooglens hebben (hoofdstuk V) . Twee basische ß-ei-
witten (ßBl) bezitten een extreem lange N-terminale arm in vergelijking met 
de andere ß's, welke gekenmerkt wordt door een opmerkelijke herhaling van 
twee aminozuren (proline en alanine). Een wisselwerking van deze structurele 
ooglenseiwitten met andere lensstructuren (membraan, cytoskelet) wordt niet 
uitgesloten (hoofdstuk IV). 
De snelheid, waarmee de ß-ketens veranderingen ondergaan gedurende de 
evolutie, is zeer laag. Dit kan afgeleid worden uit de vergelijking van de 
aminozuurvolgordes van overeenkomstige ß-eiwitketens uit verschillende dieren. 
Het zijn zogenaamde conservatieve eiwitten, zoals ook is aangetoond voor 
α-crystalline. Kennelijk is het voor het goed functioneren van deze crystalli­
nes in de ooglens van belang dat ze weinig veranderingen ondergaan. 
Recentelijk is het enzym transglutaminase aangetoond in ooglenzen van een 
aantal verschillende zoogdieren. Dit enzym kan eiwitten aan elkaar koppelen 
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via specifieke aminozuren. Het komt in vele weefsels en organen voor en lijkt 
betrokken te zijn bij allerlei belangrijke biologische processen. Het meest 
bekende voorbeeld is de bloedstolling, waarbij fibrine-ketens aan elkaar ge-
koppeld worden door bloedplasma-transglutaminase. Aangezien de koppelings-
produkten aangetoond zijn in door staar aangetaste lenzen bij oudere mensen, 
wordt gesuggereerd dat het lens transglutaminase betrokken zou zijn bij de 
ontwikkeling van staarvorming ten gevolge van ouderdom. 
Ons werk aan dit enzym is beschreven in hoofdstukken VI en VII. lens 
Transglutaminase is zeer specifiek in zijn,werking: in de lens worden van 
alle water-oplosbare eiwitten slechts drie ß-crystalline ketens als substraat 
gebruikt. Wij zijn erin geslaagd de exacte aangrijpingsplaats van het lens 
transglutaminase in deze drie ß-crystalline eiwitten te localiseren. Deze 
aangrijpingsplaats is één enkel aminozuur, een bepaald glutamine. De bewuste 
glutamine blijkt in elk vein de drie B-ketens in het N-terminale armpje te 
liggen, hetgeen de mogelijk belangrijke rol van dit gedeelte van de ß-eiwitten 
bevestigt. Tevens kon aangetoond worden dat verscheidene componenten van de 
water-onoplosbare eiwitfractie, met name het cytoskelet, ook als substraat 
voor lens transglutaminase kunnen optreden. 
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ERRATA 
p. 110 Fig. IE :de L-vormige 70k component moet 
als niet bestaand worden beschouwd. 
p. Ill voorlaatste regel:urea-insoluble in plaats van 
urea-soluble. 

STELLINGEN 
1 
De uitspraak van Parameswaran en Lorand, dat de door hen gesynthetiseerde dansyl-
thiocholine esters gebruikt zouden kunnen worden voor de specifieke acylering van 
e-aminogroepen van lysine, die een substraat vormen voor transglutaminases, blijkt 
helaas in de praktijk niet bevestigd te worden. 
РолшлеАиилдп, К.Ы. and Lonand, L. (I9Í1) b*.ockmu>t>u.j 20, 3703-37П. 
ЪелЬель, G.A.M, and Рееил#ід, R.W., ш риЬСськеЛ dtUa. 
2 
Het feit dat het gangbare menselijke dieet een grote variëteit aan natuurlijke 
mutagenen en carcinogenen bevat, terwijl toch slechts 30 procent van de mensen 
op oudere leeftijd een tumor krijgt, wijst erop dat het menselijk lichaam goede 
beschermingsmechanismen tegen deze invloeden bezit. Dit wil natuurlijk niet zeg-
gen dat men deze mechanismen moet tarten door een extra slecht dieet tot zich te 
nemen. 
Amti, B.N. (ШЗ) Зссеисе ZZI, 1ZS6-1Z64. 
3 
De kruisreactie van een antiserum tegen kératine van kippeveren met het ooglens-
eiwit δ-crystalline wordt niet bevestigd door enige homologie in de primaire 
struktuur van deze eiwitten en berust dus niet op evolutionaire verwantschap. 
Kodamce., R. and Eguclu., G. (79Í3) ΰ&υβ,ορ. G>iou)th and P-c^e*. 25, Z61-270. 
4 
Liddiard et al. mogen op grond van hun geringe aantal experimenten niet conclu­
deren dat dispase I voordelen heeft boven collagenase en andere dissocierende 
enzymen voor de isolatie van hepatocyten uit humane foetale lever. 
Uddavid, С , НелЬел, H.J. and Паи, И. (ІШ) Auch. Toxicol. 44, 107-1П. 
5 
De betrokkenheid van VA-RMft bij de i n i t i a t i e van t rans la t ie van adenovirus speci­
fieke mRNÄ's i s door Thimmappaya et a l . onvoldoende aangetoond. 
Ткитаррауа, В., ЫеллЬелдел, С, Sdwexde*, R.J. and Scfienfe, T. (I9SÎ) CM il, 
543-55!. 
6 
Het aanhalen van literatuur over α-crystalline bij een zinsnede over ß-crystalline 
doet geen recht aan het eigen karakter van het ß-crystalline. 
Moomann, R.J.M., den Punnen, J.T., Bloemendal, H. and SchoenmakeJU, J.G.6. II9S2) 
P/ioc. Natl. Acad. SCA.. USA 79, 6S76-6SS0. 
7 
Het repeterende lengteverschil in baseparen tussen de nucleosomen van transenp-
tioneel actieve en inactieve configuraties van een globine-gen en een immunoglo-
bme-gen, zoals gevonden door Smith et al., geeft nauwelijks aanleiding tot het 
trekken van de algemene conclusie, dat transcriberend chromatine een dergelijk 
verschil in nucleosoomafstand zou vertonen. 
Smcth, R.P., Seoie, R. L. and Vu., J. IÍ9Í3) Ptoc. Natl. Acad. Set. USA SO, 5505-
5509. 
β 
Voorspellingen betreffende de tertiaire vouwing van eiwitten aan de hand van af­
gevlakte hydrofobiciteitsprofielen met daarin arbitrair geïntroduceerde "gaps" 
dienen met reserve bekeken te worden. 
Sjezen, R.J., Owen, E.Α., Kubota, У. and OOA., T. (I9Í3) Btocfum. Stopfu/*. Acia 
Ш, 4Í-55. 
9 
De incorporatie van radioactieve aminozuren in plasmafibrinogeen is geen goede 
maat voor het bepalen van de fibrinogeen-biosynthese onder omstandigheden met 
een verhoogde ai-antitrypsine activiteit. 
Ptcfeoti, L. (Ж!) InilaimaJUon 5, 6J-70. 
10 
Helaas lijken de massale vredesdemonstraties eerder een positieve invloed te 
hebben op de deelnemers zelf dan op de politieke besluitvorming ten aanzien van 
het plaatsen van kruisraketten c.q. het stopzetten van de wapenwedloop m het 
algemeen. 
И 
De aanduiding noolpers voor een groot aantal geïllustreerde bladen is qua kwan-
titeit juist, maar qua kwaliteit vaak nog te netjes. 
12 
Het valt niet te tolereren dat bij diverse uitgaansmogelijkheden bepaalde bevol-
kingsgroepen de toegang tot het etablissement geweigerd kan worden op volstrekt 
willekeurige gronden. 
13 
Ben betere samenwerking tussen de huurcommissie en het bureau voor toekenning van 
huursubsidie zou een eerste aanzet kunnen zijn in de bestrijding van de uitwassen 
in de huursector. 
14 
De leefbaarheid van nieuwbouwwijken zou volgens vele bewoners vergroot kunnen 
worden door het integreren van "kleinschalige" bedrijven m deze wijken. De ge-
meente zou om dit mogelijk te kunnen maken iets meer soepelheid in de bestemnings-
plannen moeten betrachten. 
15 
De aandacht die in de media aan AIDS besteed wordt, verwoordt misschien wel de 
angst voor deze nieuwe ziekte, maar staat in geen enkele verhouding tot de omvang 
van het probleem. 
16 
Het berust op louter toeval, dat de initialen op beugelflessen van een bekend 
biermerk identiek zijn aan die van de schrijver van dit proefschrift. 
Nijmegen, 14 december 1983 
Guy Berbers 


